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GIANT TELESCOPES 


All past events are more remote from our senses than the 

stars of the remotest galaxies, whose own light at least still 

reaches the telescopes . . . Knowing the past is as astonish- 
ing a performance as knowing the stars. 


George Kubler, The Shape of Time: Remarks on the History of Things 


Know thyself. Know your telescope .. . 


Sign in the hall of Cornell University’s Astronomy Department, 2002 
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Introduction: Beautiful and 
Cantankerous Instruments 


Aden B. Meinel was six years old in 1928, the year that George Ellery 
Hale convinced the Rockefeller Foundation to finance the construc- 
tion of the world’s largest telescope. As a young man growing up in 
Pasadena, California, Meinel wanted to become an aeronautical en- 
gineer. One day he wandered into the Caltech Optical Shop where he 
met opticians who were polishing the telescope’s glass mirror blank, 
200 inches in diameter, before it was shipped to the top of Palomar 
Mountain.! Meinel walked up to the polishing machine and gently 
touched the mirror with his fingers, an experience that sparked his 
lifelong interest in optics and telescope design. 

A quarter of a century later, Meinel was an astronomer and optics 
expert at Yerkes Observatory in Wisconsin and thinking once again 
about big telescopes. The 200-inch telescope on Palomar, built with 
$6 million from the Rockefeller Foundation and named in honor of 
Hale, had been in operation for five years. Already it was beginning to 
change people’s concept of the universe. In 1952, Walter Baade, an as- 
tronomer at the Mount Wilson Observatory, used data collected with 
the Hale Telescope to show that stars in the Andromeda Galaxy were 
farther away than scientists had previously believed. Baade’s observa- 
tions “doubled the size” of the known universe, a feat that fired the 
minds of scientists and caught the public’s attention. The mystique of 
the 200-inch telescope was enhanced by its exclusivity. Only a select 
cadre of scientists from the California Institute of Technology and the 
Carnegie Institution of Washington had access to it. 
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Meinel was walking home from his office at Yerkes one evening 
in 1953 when he had an idea. There was a driveway in front of the 
observatory that encircled a large swath of grass. Meinel could see 
the domes that protected the observatory’s instruments. Astronomers 
there were readying for the night’s observing run. He imagined the 
light from distant stars and galaxies traveling for eons, only to be lost 
as it fell not on the telescopes’ mirrors but on the grass. “Wouldn’t it 
be nice,” thought Meinel, “to get a big bite of those photons?”? 

Designing and building the telescope Meinel wanted—one with a 
mirror some 500 inches in diameter—demanded the right combina- 
tion of community interest, technological prowess, and support from 
willing patrons with abundant resources. These conditions never co- 
alesced to enable the construction of what Meinel and others came to 
call the “X-inch” telescope. In fact, it would be four more decades be- 
fore American astronomers had access to a telescope with a bigger 
light-collecting area than the 200-inch telescope on Palomar. 

During these decades, astronomers and science managers thrashed 
out plans for a new, larger national observing facility, eventually 
named the Gemini 8-Meter Telescopes Project (hereafter Gemini). 
Due to political and financial forces, the United States built Gemini in 
partnership with six other countries—the United Kingdom, Canada, 
Australia, Chile, Brazil, and Argentina. In June 1999, on the barren, 
windswept summit of Mauna Kea in Hawaii, the first Gemini telescope, 
one of the largest in the world, was dedicated. In 2002, with the com- 
pletion of its twin companion telescope in Chile, astronomers and dig- 
nitaries celebrated the completion of the entire Gemini Observatory. 

Between the dedication of the Hale Telescope in 1948 and fhfe-com- 
pletion of the Gemini Observatory, astronomers’ most icoyfic sym- 
bol, the telescope, was transformed as a research tool. The importance 
of changes in telescope design and technology results from a decep- 
tively simple relationship: in astronomy, technological innovations of- 
ten lead to new discoveries. Galileo’s spyglass once revealed the sur- 
face of the moon in startling detail and the mysterious movement of 
Jupiter’s moons. Today, a new generation of eyes—flesh and blood, 
glass and steel—has turned to the sky with revitalized powers to ob- 
serve the universe’s diverse phenomena. 

Since the 1970s, scientists have brought about a rebirth of the tradi- 
tional optical telescope with observatories like Gemini. For observa- 
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tional astronomers, few things could be more important. Far from 
being relegated to third-class status by space observatories like’ the 
Hubble Space Telescope and postwar innovations such as the radio 
telescope, ground-based optical telescopes—the workhorses of astron- 
omy for over four hundred years—are as essential to the astronomer as 
they have ever been. New telescopes and technologies have radically 
reshaped how we see the cosmos, literally. 

The Gemini telescopes cost close to $200 million to build. Yet, they 
are only two of a dozen new, very large telescopes completed after 
1990. Others will see their first starlight in the next few years. Never be- 
fore has so much glass and metal been pointed at the night sky. At the 
dedication ceremony for the first Gemini telescope, Rita Colwell, the 
National Science Foundation’s director, remarked, “This observatory 
represents the journey by scientists, engineers, and administrators to 
a symbolic summit.” This book explores the long journey to which 
Colwell referred, the quest of astronomers and engineers to build big- 
ger and more powerful telescopes. More than simply a success story 
about how scientists prevailed in their crusade for new telescopes in 
the face of technical, bureaucratic, and financial hurdles, this book 
highlights the disappointments and triumphs of planning, designing, 
and building a modern facility for cutting-edge science. It describes 
the challenges faced by engineers, the scientific goals of the astrono- 
mers, the interests of universities and observatories, and the machina- 
tions of prominent scientists, funding patrons, and politicians as these 
giant, new tools for astronomy were built. 

There are several different lenses through which you could view the 
period of postwar astronomy this book addresses. You could focus, for 
example, on the history of a particular observatory, a famous astrono- 
mer, or the development of a revolutionary scientific idea. While as- 
pects of all these elements are discussed in varying degrees, I have cen- 
tered this book on the telescope, the astronomer’s most visible and 
readily identifiable tool. More specifically, the story focuses on the his- 
tory of astronomers’ plans to build the pair of telescopes that together 
constitute the Gemini Observatory. 

You might rightly ask, “Why Gemini?” After all, over a dozen new 
telescopes worldwide, each with a collecting area greater than the 200- 
inch telescope on Palomar, are now collecting data every night. The 
answer is simple: Gemini’s history, more than that of any other large 
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telescope project, provides an exceptional opportunity to examine 
the broader changes that define postwar astronomy and science in 
general. 

Astronomers’ plans for Gemini’s precursors in the United States 
were marked by conflict over aspects ranging from the details of tele- 
scope design to debate over whether the national observatory could 
meet the challenge of building such a complex and expensive re- 
search facility. The resolution of these disagreements profoundly 
shaped the landscape of postwar American astronomy and tested the 
science community’s determination and cohesiveness. The history of 
the Gemini telescopes and their place in the larger context of contem- 
porary astronomy is an excellent vehicle for examining the relation- 
ship between science and technology as reflected in telescope design, 
technology development, and astronomical research agendas. Gem- 
ini’s history, in other words, is the history of recent astronomy in a mi- 
crocosm. 

Scientists’ conflicts over resources—between those, for example, who 
have ready access to large telescopes and those who don’t—played a 
critical role in the planning and building of new observatories after 
the Second World War. The introduction of federal money into post- 
war astronomy provided research grants and new national telescope 
facilities for the entire science community. It also introduced increas- 
ing competition and divisiveness among astronomers about how such 
resources should be used and distributed. Not all astronomers saw fed- 
eral support for a national observatory, for example, as a positive de- 
velopment. The availability and allocation of research funding and 
telescope time are part of the larger economy of astronomy./Stientists, 
naturally, maintain strong feelings about how resources should be allo- 
cated. These issues, which the book considers carefully, are central to 
understanding the history of large telescope projects and postwar as- 
tronomy in general. 

Gemini itself emerged as a major international science endeavor at 
a time when astronomers voiced growing concerns about what has be- 
come known as “Big Science”—large-scale research marked by an em- 
phasis on big machines, generous government funding, and team- 
based research. Astronomy has always had some traces of Big Science 
and “big,” of course, is a relative term. Tycho Brahe’s sixteenth-cen- 
tury observatory on the island of Hven was large-scale science for its 
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time. Aspects of Gemini’s history offer insight into the tension postwar 
astronomers perceived between a more traditional style of building in- 
struments—one that valued the hands-on, entrepreneurial skills of the 
individual scientist—and a more corporate model that placed a pre- 
mium on efficiency and effective management. 

More broadly, the history of the Gemini Observatory can inform us 
about the organization of contemporary science and the development 
of the technology needed to practice it. Politics, funding, and technol- 
ogy development at the national and international level were increas- 
ingly interwoven into the fabric of contemporary astronomy. Looking 
at Gemini and the development of other large telescopes in the last 
half-century offers a path to understanding the bigger picture of how 
social, fiscal, and institutional forces influenced astronomy and other 
sciences and, in some cases, how these disciplines reflect larger cul- 
tural patterns. 

Many scientists claim that contemporary astronomy is in a golden 
age, thanks to the relatively sudden availability of so many new, large, 
and powerful telescopes. There is a general belief among researchers 
and science managers that the trend toward Big Science represents 
the normal and natural evolution of astronomy. At the same time, con- 
temporary astronomers express considerable unease and apprehen- 
sion about how these technological changes have altered, in ways sub- 
tle and profound, the nature of astronomical observing and what it 
means to be an astronomer. This book addresses the issues and ques- 
tions associated with the important and far-reaching changes in astro- 
nomical practice that have occurred in the last half-century. 

The paradigmatic example of postwar Big Science is, of course, 
high-energy physics. In the 1950s and 1960s, under the guidance of 
physicists at places such as Berkeley, Brookhaven, and CERN, particle 
accelerators and bubble chambers grew enormously in size, complex- 
ity, and cost. As this happened, the relationship between experiment- 
ers and their apparatus was altered and physicists came to enjoy pro- 
gressively less control over their equipment and their experiments. 
Teams of specialists were needed to build and operate the accelera- 
tors and detectors and laboratory work was often routine. Meanwhile, 
physicists increasingly relied on computers to analyze their data and 
management and administration became a necessary ingredient of a 
successful career. While some physicists enjoyed their new power and 
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prestige, others complained about the increasing industrialization of 
their field.* 

The history of postwar particle physics has attracted so much atten- 
tion, in part, because it is such an aberration. In contrast, many areas 
of postwar science did not have such powerful federal patrons, they 
did not claim direct links to national security, and they did not rely on 
big and expensive machines manned by researchers whose publica- 
tions featured dozens or even hundreds of authors. In short, particle 
physics, along with space-based experiments and biological research 
like the Human Genome Project, represents one extreme in the post- 
war scientific world. 

Albert E. Whitford, a respected mid-century American astronomer, 
remarked that, in his time, using a large telescope demanded “high 
artistry—doing it yourself. Real mastery of a beautiful and cantanker- 
ous instrument.” Such work was challenging. Allan R. Sandage, an in- 
fluential cosmologist who spent countless nights taking data with large 
telescopes, noted, “Observing at a telescope, even under the best of 
conditions, is tedious. Under the worst, it can be cold and miserable.”6 
While being alone with the telescope under the night sky might have 
been uncomfortable, it nevertheless fostered an intimate bond be- 
tween scientist and machine. ; 

In the decades following the dedication of Palomar, astronomers’ 
nightly interactions with telescopes irrevocably and profoundly 
changed. The pace of this change accelerated most noticeably after 
1980 as new telescopes and astronomical technology appeared. Elec- 
tronic instrumentation released astronomers from the cold telescope 
dome to heated control rooms where images and data were @i played 
in real time. The image of the solitary astronomer meyer he 
the eyepiece of a large telescope, shown in Figure 1, is now considered 
romantic, perhaps a sign that it is also rapidly becoming anachronistic. 

Many scientists believe that traditional astronomy, with scientists 
using a ground-based telescope to make images and record spectra, 
has gravitated at an accelerating rate toward the Big Science pole 
exemplified by fields such as particle physics. Driven by the need to get 
as much observing time as possible and the desire to take advantage of 
the best observing conditions, modern observatories such as Gemini 
have experimented with new modes of collecting images and spectra. 
As a result, the telescope has been recast as a factory of scientific data, 
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Figure 1. An illustration of “traditional” observing made by Russell Porter; 
an astronomer in suit and tie sits in the prime focus cage of the 200-inch 
telescope. Courtesy of the Archives, California Institute of Technology. 
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with scientists as customers whose orders are delivered electronically 
while they monitor the observing process through Internet links. The 
Gemini Observatory’s twin telescopes are separated by vast stretches of 
Pacific Ocean, yet they are linked in real time to engineers and astron- 
omers by high-speed data networks, fiber-optic cables, video confer- 
ences, and the Web. As a transoceanic system for science research, 
Gemini is an example par excellence of what I refer to toward the end of 
the book as “hyper-telescopes,” almost organic entities with intricate 
interdependent components whose collective performance astrono- 
mers monitor and control. 

Telescopes have always been complex research tools, melding me- 
chanical, optical, and electrical components into a single instrument 
to collect data from the night sky. In the fifty-year period this book coy- 
ers, many people came to believe that systems engineering—whose 
proponents use managerial and organizational tools borrowed from 
aerospace and defense projects—is an indispensable part of building 
and operating an observatory efficiently. One wonders whether obser- 
vatories like Gemini could have succeeded as international construc- 
tion efforts with the telegrams, mimeographs, and couriered letters of 
Hale’s day. Concomitantly, the observatory itself was transformed into 
a space where daily interactions between groups of specialists—laser 
experts, software programmers, optical scientists, cryogenic techni- 
cians, to name a few—are extensive and even essential. In the late 
1990s, there was discussion in the United States about how the coun- 
try’s telescopes were not isolated instruments but part of a larger sys- 
tem of interconnected tools for research. 

The act of observing—using a telescope—and the nature yf what it 
means to be an astronomer have also changed dramatically in the last 
fifty years, as shown in Figure 2. Many of the most far-reaching, rapid 
transformations have occurred recently. Standing in the midst of all 
these changes is astronomy’s primary technological embodiment, the 
telescope. 

Defining Big Science solely in terms of money, manpower, and ma- 
chines is a facile exercise. This book goes beyond the traditional met- 
rics of science’s scale and explores the effects of new technologies 
on the astronomer’s nightly work. By examining the development of 
new astronomical tools and the debates scientists have had about how 
they would be used (even as they were proposed and built), the book 
sketches a picture of intelligent, committed, and driven people in 
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the midst of tremendous technological change. It includes examples 
in which astronomy and other fields of research like particle physics 
share both common and contrasting patterns of change, and then it 
asks how such changes occurred and whether (as many astronomers 
seem to believe) they were inevitable. The book also questions the ef- 
fect on astronomical practice of astronomers’ quest for larger, more 
powerful, and more complex telescopes. If the nature of what it means 
to be an astronomer has changed, are larger telescopes responsible? If 
so, what does the current debate concerning even bigger telescopes 
augur for the future of astronomy in the twenty-first century? 
Building a large tool for science has been called, appropriately, an 
act of faith.” Millions of dollars are spent, careers are consumed, and 
expectations may never be met. A new telescope carries the possibil- 
ity of tremendous rewards and risks for individuals, institutions, and 
sometimes even nations. This book is an attempt to understand how 


Figure 2. Observing with modern large telescopes. Interior of the control 
room of Kitt Peak National Observatory’s 4-meter telescope, c. 1988. The 
telescope,operator sits to the left and controls the telescope while the 
astronomer is recording and analyzing data. Photo courtesy of NOAO/ 
AURA/NSF. 
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such a leap of faith is made and the effects it has on the nighttime 
work of astronomers. What remains fascinating is why and how men 
and women make a leap into the dark and how astronomers use the 
light, collected slowly and silently by a telescope’s mirror, to tell us 
something new about the universe. 


Had this book been written in 1950, there would be little confusion 
about such apparently straightforward words as “telescope” and “as- 
tronomy.” Scientists and engineers were just beginning to develop ra- 
dio telescopes as useful research tools, observing with rocket-borne in- 
struments was fraught with uncertainty, and space-based telescopes 
were just the dreams of a few visionaries. 

Times have changed, of course. Given the wide variety of telescopes 
that contemporary astronomers use—radio, gamma-ray, optical, space- 
based, and so forth—it is increasingly difficult to call something a tele- 
scope without some adjectival modification. In this book, I use “tele- 
scope” in the traditional sense unless noted otherwise: ground-based 
instruments with large mirrors that collect visible and infrared light. 
In the same manner, when I speak of “astronomers” (or “astronomy”) 
in general, I am talking about the people who use these telescopes to 
make observations with visible or infrared light. 

Electromagnetic radiation from space, which includes visible light, 
reaches the earth at many wavelengths. Most photons are filtered out 
by the earth’s atmosphere so only a fraction arrives at a telescope’s 
mirror to be collected, recorded, and analyzed. Astronomers who use 
telescopes on the ground, to be sure, see only a narrow view of he uni- 
verse. But within the optical and infrared wavelength regimes, almost 
all phenomena of interest to scientists emit radiation, conveniently of- 
fering rich opportunities for scientific discovery. 

The optical window extends from about 0.3 microns in the near-ul- 
traviolet (a micron is one millionth of a meter) through the wave- 
lengths of familiar colors such as blue, yellow, and orange, to the red 
and then the near-infrared regime of about 1 to 5 microns. Beyond 
this, from about 5 microns to about 30 microns, we are in the mid-in- 
frared region. The astronomers and engineers who designed the twin 


Gemini telescopes optimized them for making observations in the 
near and mid-infrared regimes. 
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Why are scientists increasingly drawn to infrared astronomy? In the 
near-infrared, hot blue stars seen clearly in visible light fade out and 
cooler stars come into view. Many interesting parts of the universe are 
hidden behind clouds of cosmic dust that extinguish visible radiation. 
Warm interstellar dust starts to shine in the mid-infrared region as 
does the dust around stars. Sometimes this dust is so thick that the star 
barely shines through and can be detected only in the infrared. Infra- 
red radiation also reaches back to the very early stages of the universe. 
Ultraviolet and visible light is shifted toward the red end of the spec- 
trum as it travels from the most distant parts of the universe. As a re- 
sult, visible light from faraway galaxies may have been emitted so long 
ago that it can only be seen at longer wavelengths of 10 microns or 
more. 

You may also be curious about the emphasis placed on large tele- 
scopes. My interest and attention is indeed focused on what today 
are the largest cutting-edge tools for astronomical research. This ap- 
proach, of course, is not meant to demean the work done and dis- 
coveries made at more modest facilities. However, since astronomers 
began to use telescopes, they have desired bigger instruments. A big- 
ger telescope collects more light, enabling an astronomer to observe 
fainter, more distant, and older celestial objects. A larger telescope 
also collects light more quickly, meaning astronomers can complete 
their research in less time. This fact has not been lost on science man- 
agers—a large modern observatory costs about a dollar per second to 
operate and time, literally, is money. 

A telescope’s primary mirror gathers photons from distant sources 
—a faraway galaxy or star—and focuses it, using other mirrors and 
lenses, onto a detector such as an astronomer’s eye or a spectrograph 
(see Figure 3). Analysis of the light and the creation of an image or 
spectrum are then done by specially designed auxiliary instruments at- 
tached to the telescope. 

Telescopes produce two basic kinds of information that scientists 
interpret to better understand the universe. Images are pictures re- 
corded on photographic plates or charge-coupled devices, and spectra 
are the colored bands produced when light is passed through a spec- 
troscope and recorded. While images from telescopes usually appear 
in newspaper and magazine articles, often manipulated to display in 
full color, scientists often derive more useful information from spec- 
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tra. Spectra of stars and galaxies can provide a wealth of detail, for ex- 
ample, about their chemical composition, speed, temperature, and 
distance from earth. 

Making telescopes bigger, however, introduces a host of difficulties 
and complications. Much of the debate and effort by astronomers and 
engineers described in this book centers around how these communi- 
ties overcame the challenge of building larger yet affordable light- 
collecting areas. The amount of light a telescope collects is pro- 
portional to the area of its main, or primary, mirror. Doubling the 
mirror’s size enables the telescope to collect four times as much light. 
The theoretical resolution of a telescope—the finest detail the tele- 
scope can reveal in observed objects—also should improve with the di- 
ameter of the primary mirror. In reality, astronomers have come to 
rely on complex and expensive high-tech solutions, like adaptive op- 
tics, to coax the best possible performance from modern telescopes. 


Figure 3. Basic parts of a telescope along with illustrations showing the 


difference between equatorial and altitude-azimuth mountings. Illustration 
courtesy of Elliot Plotkin. 
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Leo and Jesse’s Changing World 


In August 1936, Jesse L. Greenstein and Leo Goldberg returned to 
Harvard University to finish their graduate studies in astronomy. In 
the preceding months, Jesse Owens had punctured the myth of Aryan 
supremacy at the Berlin Summer Olympics. Bloody battles fought 
that summer by troops in Spain foreshadowed greater tragedies yet to 
come. The Dust Bowl and an unemployment rate of 16 percent en- 
couraged Americans to reelect Franklin Roosevelt in a landslide. Some 
romantics turned to the past in Margaret Mitchell’s just-published 
novel Gone with the Wind while other romantics read about the expand- 
ing universe in Edwin Hubble’s popular book The Realm of the Nebulae. 

Jesse Greenstein and Leo Goldberg grew up in Brooklyn, New York, 
but inhabited different social worlds. Born in 1909, Greenstein came 
from a family of cultured and nonobserving Jews who ran profitable 
furniture-making and real estate businesses. Greenstein’s grandfather 
gave him a small brass telescope, and as a teenager, he did elementary 
spectroscopy experiments in the basement and used homemade crys- 
tal radio sets at the family’s seaside vacation home in New Jersey. 
Greenstein’s early years were pleasant, lacking the “oft-quoted advan- 
tage of an impoverished and embittered childhood.”! 

Goldberg’s childhood was less comfortable. One colleague de- 
scribed him as the quintessential Horatio Alger character.* His par- 
ents had emigrated from eastern Poland to work in New York’s needle 
trades before Leo was born in 1913. They were strongly orthodox and 
Goldberg attended a Jewish parochial school in Brooklyn. When he 
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was eight, his mother and younger brother died in a tenement fire 
from which he barely escaped. Goldberg’s father soon remarried and 
moved the family to New Bedford, Massachusetts. Decades later, Gold- 
berg still recalled being an outsider—poor and Jewish—when victory 
in a state spelling bee brought him to a White House dinner where he 
was left to wonder which items on his plate were kosher. 

Both men attended Harvard for their undergraduate education, 
with Goldberg on a scholarship from the New Bedford Harvard Club. 
Neither young man planned to make astronomy a career. Greenstein 
thought he might have science as a hobby after going into the family 
business while Goldberg imagined a conventional career, perhaps as 
an engineer. After earning a masters degree from Harvard, Greenstein 
decided that astronomy was the profession he wanted to pursue. The 
Depression hit Greenstein’s family hard and he was forced to post- 
pone formal training in astronomy. For several years, he worked for his 
family but kept a hand in science by volunteering for Isidor I. Rabi, a 
future Nobel laureate, at Columbia University. By 1934, the family 
finances had recovered, and he returned to Harvard. 

Greenstein and Goldberg became friends at Harvard. Their Jewish 
heritage and New York City upbringing gave them some common 
ground and Goldberg shed his Orthodox heritage after leaving home. 
As graduate students, they met the prominent astronomers who came 
to Harvard to give talks and teach summer seminars. Visitors like Otto 
Struve and Henry Norris Russell served as important professional con- 
tacts for the two young men. The environment at Harvard for astrono- 
mers was highly competitive. Not all who finished their degrees went 
on to have professional careers. While Greenstein could degénd on 
his family income, Goldberg’s situation was more precarious. Having 
given up the security of a conventional career, he needed success as an 
astronomer. 

After graduating from Harvard in 1937, Greenstein received a pres- 
tigious fellowship from the National Research Council. Armed with his 
$2,200 stipend, Greenstein and his wife, Naomi, drove to Williams Bay, 
Wisconsin, so he could work at the University of Chicago’s Yerkes Ob- 
servatory, one of the world’s premiere institutions for astronomy. As- 
tronomers at Yerkes had access to several large telescopes, including 
the world’s largest refractor and an 82-inch reflecting telescope that 
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was nearing completion at McDonald Observatory in Texas. At Yerkes, 
Greenstein thrived doing both theoretical research and nighttime ob- 
serving. 

Greenstein kept in contact with his classmate and, in contrast to 
Goldberg’s stolid correspondence, sometimes ended his self-deprecat- 
ing letters with joking reminiscences about Harvard school life. The 
humor could have a macabre side; Greenstein told Goldberg that he 
hoped to “be a spectroscopist yet, if Adolph [Hitler] doesn’t get me 
first.”S 

Goldberg was also making progress toward a successful career in as- 
tronomy, but his path was harder than Greenstein’s. In 1938, as he 
neared the completion of his doctorate, he worried about the lack of 
professional opportunities for astronomers. To his surprise, Harvard 
awarded Goldberg a special postdoctoral fellowship; he later discov- 
ered it was a gift from a professor whose son Goldberg had tutored 
a few years earlier. The fellowship kept his astronomy career alive, 
and even after his retirement, Goldberg still marveled about how this 
“100% WASP” generously assisted a “smart and needy Jew.” 

Goldberg continued his research in solar physics until 1941, when 
he landed a more secure post at the McMath-Hulbert Observatory, a 
small facility in Pontiac, Michigan, affiliated with the University of 
Michigan. It was founded in the 1920s when Robert R. McMath, a 
young Detroit businessman, began making astronomical observations 
with a prominent Michigan judge, Henry S. Hulbert. McMath was a 
wealthy and well-connected scientific dilettante in an era when ama- 
teurs could still participate fully in professional astronomy. In L032, 
the University of Michigan took over the observatory with McMath 
as its director. Donald H. Menzel, Goldberg’s Harvard advisor and 
a prominent astrophysicist, convinced McMath that Goldberg would 
be an excellent addition to the observatory’s staff. Compared with 
Yerkes Observatory’s international renown, the McMath-Hulbert Ob- 
servatory was a relative backwater. Despite this, in July 1941, Goldberg 
left Harvard to begin his professional career in Michigan, an endeavor 
soon overshadowed by events on the world stage. 

A few days after Pearl Harbor, Greenstein told Goldberg it was “one 
devil of a time to be worrying about science, but I hope we can stick it 
out some while yet.”> Despite such optimism, young scientists from all 
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disciplines soon took on different duties as most civilian research was 
put on hold. Goldberg and Greenstein did not hesitate to contribute 
their knowledge of physics and optics to the war effort. 

Goldberg originally considered returning to Cambridge to do war- 
related radar development at MIT’s Radiation Laboratory but decided 
to remain at the McMath-Hulbert Observatory. Robert McMath’s 
Washington contacts helped bring research contracts from Vannevar 
Bush’s National Defense Research Committee to the observatory, which 
kept Goldberg busy. He spent the war researching anti-aircraft applica- 
tions and bombsight designs as a consultant to the Navy’s Bureau 
of Ordnance. During the war, he also met and married Charlotte 
Wyman, a local school teacher. Like Goldberg, Greenstein remained 
at his observatory during the war. In mid-1942, he and a small group of 
astronomers studied novel designs for optical systems under the super- 
vision of Yerkes director Otto Struve.® One of the more innovative de- 
vices Greenstein helped produce was an all-sky camera that could pho- 
tograph a large swath of the sky at one time. Such activities had longer- 
term implications. The military establishment came to see scientists 
such as Goldberg and Greenstein as important resources to be nur- 
tured and exploited. Concomitantly, both astronomers acquired ex- 
perience in military-related research and consulting, and each made 
personal contacts that proved important to their postwar scientific 
careers. 


Building Careers in Science 


After the war, American astronomy began to change at cy aa, 
ing rate. New sources of funding gradually became available to astron- 
omers. Resources from the Office of Naval Research (ONR) and later 
the National Science Foundation (NSF) opened up research areas 
that were previously inaccessible. New technologies also reshaped the 
discipline. Astronomers began to adapt war-surplus electronic, radar, 
and rocket technology to research, and their efforts slowly yielded sci- 
entific payoffs. The demographics of astronomy changed as well. Be- 
fore the war, the American Astronomical Society had only about 700 
members. After the war, this number increased dramatically, thanks to 
greater resources and the entry of physicists and electrical and aero- 
space engineers into the field. Finally, the institutional landscape of as- 
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tronomy changed as federally funded observatories and new agencies 
such as the NSF and the National Aeronautics and Space Administra- 
tion (NASA) offered opportunities to astronomers not affiliated with 
the private observatories.’ 

American scientists adjusted to life in a postwar world that was dif- 
ferent politically and technologically. Through their participation in 
wartime research, many astronomers had been exposed to other fields 
of study—solid-state physics and electronics, for instance—and had 
met new colleagues. “From an organizational point of view,” recalled 
Greenstein, “almost every observatory became less insular. People had 
been elsewhere, knew that there were things being done elsewhere. ”8 
Moreover, the postwar scientific community was more willing to offer 
Jewish scientists such as Goldberg and Greenstein opportunities for 
advancement and recognition.’ While both men experienced hints 
of, if not outright, anti-Semitism early in their careers (Menzel once 
noted his student would easily find a prominent position save for his 
name), the two helped lead the astronomy community through many 
of changes.'° 

After the war, Greenstein resumed his research at Yerkes. In addi- 
tion to more traditional astronomy, he continued to experiment with 
optical design and the possibilities of making observations with radio 
telescopes. Goldberg, however, was eager to leave the confines of the 
‘McMath-Hulbert Observatory for a university position and was soon 
presented with an attractive offer. The astronomy department at the 
University of Michigan asked Goldberg to become its chairman and he 
began his tenure in Ann Arbor in November 1946. 

Goldberg faced several challenges at his new post. He had to rebuild 
an astronomy department much depleted in staff, students, and equip- 
ment. Goldberg was also the chair of an astronomy department with- 
out its own large telescope. The best and most modern instruments lo- 
cated nearby were at the McMath-Hulbert Observatory. Goldberg’s 
purchase of new equipment was made possible by a local fund for 
which Judge Hulbert was secretary. In the late 1940s, before funding 
from the ONR and the NSF became available, this resource supported 
the rejuvenation of the Michigan astronomy program by funding a 
new modest-sized telescope as well as improving instrumentation for 
solar observing. The new telescope and instruments helped Goldberg 
attract new students to Michigan’s growing astronomy department." 
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Strengthening his department’s staff and instrumental capabilities 
was part of Goldberg’s new responsibilities. He also had to maintain 
cordial relations with both Robert McMath and Judge Hulbert, a job 
sometimes complicated by the strained relations between the two men.” 
After the war, McMath became influential in areas of national defense 
and science policy as a consultant to the Secretary of the Air Force and 
as a member of the Scientific Advisory Committee to the Secretary of 
Defense. He also gained further respectability in the astronomy com- 
munity by serving as president of the American Astronomical Society. 
While Goldberg did not always appreciate McMath’s personality and 
attempts at micromanagement, the two men regularly discussed scien- 
tific and political matters. Given the Detroit businessman’s influence 
in government and business circles, McMath was a valuable ally who 
could promote Goldberg’s career ambitions. 

Besides acquiring new students and equipment, Goldberg raised the 
profile of his department by organizing a series of summer schools in 
astrophysics. As students at Harvard, Greenstein and Goldberg had 
attended similar programs organized by director Harlow Shapley that 
increased their exposure to modern astrophysics. Astronomers and 
students hailed a one-month symposium, held in 1953, as a “watershed 
for astrophysics.”!’ Walter Baade from the Mount Wilson and Palomar 
Observatories described his research on stellar populations while George 
Gamow spoke on “big bang cosmology” and Edwin Salpeter described 
thermonuclear reactions in stars. These were among the most impor- 
tant and controversial research topics in astronomy, and the meeting 
Goldberg organized helped the field regain momentum lost during 
the war. a 

After the war, astronomers such as Goldberg and gach ad- 
dressed the broader challenge of responding to the possibilities of- 
fered by new technologies and funding sources. Both experimented 
with captured V-2 rockets as tools to make astronomical observations 
from high in the atmosphere." In 1946, while still at Yerkes, Green- 
stein designed a spectrograph that could make measurements using 
both ultraviolet and visible light. After months of intense frustration 
with military secrecy and equipment problems, his experiment was 
launched at White Sands, New Mexico, on the inauspicious date of 
April 1, 1947. Disappointment soon followed when he developed the 
film and found it unexposed. Chagrined, Greenstein heeded Otto 
Struve’s suggestion and resumed more traditional research at Yerkes, 
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Goldberg was also enthusiastic about the scientific possibilities of 
rocket-borne observing. As he told his former mentor Menzel, doing 
such research would be worth “shaving my head and working in a 
cell for the next 10 or 15 years.”!5 Goldberg collaborated in rocket- 
based astronomy with Menzel and Lyman Spitzer, a prominent scien- 
tist at Princeton. Like Greenstein, Goldberg found rocket-borne ex- 
periments to be a frustrating enterprise. In the late 1940s, most astron- 
omers considered rocket-based astronomy unrealistic and outside the 
mainstream of scientific research. 

Greenstein’s and Goldberg’s first attempts to make observations 
with rocket-borne instruments reveal a difference between their ap- 
proaches to research that would mark the rest of their careers. Gold- 
berg, later motivated by launches of Soviet and American satellites, 
became a spirited advocate of the scientific possibilities offered by 
space-based astronomy. Greenstein, meanwhile, remained a staunch 
champion of astronomy done from the ground. In 1960, when 
Goldberg returned to Harvard’s astronomy department as a full pro- 
fessor, Greenstein congratulated his former classmate but noted his 
negative feelings toward space research. “I worry often about the fu- 
ture of optical astronomy in this country. I cannot believe the subject is 
dead,” Greenstein said, “I look forward to some real healthy competi- 
tion [while you are at Harvard] and I hope at least part of this will be 
in optical astronomy conducted from the ground.”!® 

Jesse Greenstein had an excellent incentive to stress the importance 
of traditional ground-based astronomy. In 1948, Caltech offered him 
the opportunity to lead their astronomy program. This was like being 
traded to the New York Yankees just in time for their championship 
1949 season. After several years of rural living at Yerkes, Greenstein 
and his family were ready for a more urbane lifestyle. More impor- 
tantly, Caltech possessed the undeniable attraction of the world’s larg- 
est telescope. Greenstein arrived in Pasadena in June 1948, just in time 
to attend the 200-inch telescope’s dedication. 

Along with the older but still productive 60-inch and 100-inch tele- 
scopes on Mount Wilson, the 200-inch was jointly operated by the Car- 
negie Institution of Washington and Caltech as the Mount Wilson and 
Palomar Observatories (hereafter Palomar). A small committee with 
members from each institution shared the management decisions for 
what Edwin Hubble called “the astronomical center of the world.”!” 
Palomar’s recently appointed director was Ira S. Bowen, a Caltech pro- 
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fessor of physics whose specialty was spectroscopy and optical design. 
Bowen was not an observational astronomer, a fact that angered Hub- 
ble, who had wanted the post himself. Vannevar Bush, Carnegie’s pres- 
ident, believed that because “physics and astronomy are so close to- 
gether,” Bowen was the right man to foster a stronger connection 
between the two disciplines and modernize astrophysics at Palomar. 
Bowen’s first actions after becoming director confirmed Bush’s in- 
stincts. He announced that traditional observational programs would 
continue but that the observatories at Mount Wilson and Palomar 
would get their “teeth into fundamental new problems leading to new 
concepts” as well. Future advances in astronomy at Palomar, in other 
words, would come from the integration of physics, astronomy, and 
modern instrumentation.!* 

Greenstein’s talents combined theoretical research and observing 
experience with big telescopes and, as a result, he was a logical choice 
to lead Caltech’s astronomy program. The telescopes on Mount Wil- 
son and Palomar were the apex of traditional American observational 
astronomy where “you lived in [a] world of less interpretation, very 
little theory, largely description at a high level.” Greenstein initially 
found that the staff viewed him as “some kind of wild-haired radical 
theorist . . . and therefore a little bit dangerous.” But he appreciated 
Pasadena’s more sophisticated environs as well as the legacy of Mount 
Wilson, which he believed had “invented large telescope astronomy.” 
An earlier visit to Pasadena gave him a powerful emotional impres- 
sion, and he imagined how he could “sit in an office . . . every day 
quiet, and just have all this wonderful data.”!9 

Greenstein had a big task ahead of him as he built up and pi moted 
Caltech’s astronomy program. While Carnegie’s large staff béasted lu- 
minaries such as Hubble and Baade, Caltech had only one astronomer 
(Fritz Zwicky, a brilliant and sometimes volatile Swiss scientist) when 
Greenstein arrived in Pasadena. Most of Caltech’s early teaching and 
administrative duties fell to Greenstein, and his program began with 
only a handful of graduate students who signed up for his year-long 
courses on stellar evolution and star interiors. According to his former 
students, Greenstein was an unorganized teacher who did best when 
he forgot his notes and lectured extemporaneously.”° To beef up his 
program, he persuaded astronomers from Carnegie to give courses in 
their scientific specialties to Caltech students. Caltech’s first cohort 
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of students fulfilled Greenstein’s hopes by becoming noted and influ- 
ential members of the international astronomy community—Allan 
Sandage, for example, became an intellectual leader and sometimes 
controversial figure in the maturing field of observational cosmology 
while Helmut A. Abt edited The Astrophysical Journal for over 25 years. 

Greenstein believed that “a reformed theorist may become the most 
intelligent observer.” To prove his point, he staffed Caltech’s astron- 
omy program with men who could combine expertise in theoretical 
astrophysics with observational programs using the world’s biggest 
telescopes.?! As he filled his department’s roster, Greenstein looked in 
a very specific direction for new faculty—back to Yerkes. Guido Munch 
arrived at Caltech from Wisconsin in 1950, followed by Donald E. 
Osterbrock and Arthur B. Code in 1953 and 1956. Greenstein also 
attracted famous visitors to Caltech such as Fred Hoyle to do research 
and teach. The strong bond of physics with astronomy at Caltech meant 
that new areas of astronomical research were incorporated into the 
traditional program of optical observing. 

As Greenstein and Goldberg met many of the same challenges—re- 
cruiting quality staff, generating funding, and building new facilities— 
they maintained their relationship through correspondence and visits. 
In late 1955, Goldberg accepted an invitation from Greenstein to give 


Figure 4. Jesse Greenstein (left) and Leo Goldberg at the June 1956 
meeting of the American Astronomical Society in Berkeley, California. 
Courtesy of the AIP Emilio Segré Visual Archives. 
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a lecture series at Caltech.*? A photo (Figure 4) taken a few months 
later shows the two men smiling and standing next to each at a meet- 
ing of American Astronomical Society. But while Goldberg, a clever 
and forceful science manager, labored to modernize his department, 
forged relations with other prominent scientists, and sat on some of 
the most influential committees in postwar astronomy, there was one 
asset of Greenstein’s he could never match—the observing power of 
the 200-inch telescope. 


The Palomar Experience 


For almost 30 years, the 200-inch was the world’s largest telescope. Sci- 
entists using it drew upon the considerable financial resources, man- 
power, and technical know-how of Carnegie and Caltech. Even before 
the 200-inch was dedicated, the public was fascinated by its size and 
the science it would do. In February 1948, Time magazine featured a 
cover story about it and the career of Edwin Hubble. While astrono- 
mers at Mount Wilson complained about the glorified depiction of 
Hubble, the public was thrilled. Similar articles in Collier’s and Life pre- 
sented a romantic image of the astronomer exploring the universe 
alone at night. . 

The popular amateur astronomy magazine Sky & Telescope presented 
more accurate but still enthusiastic depictions. For months prior to the 
telescope’s dedication, the magazine featured articles about the 200- 
inch while its covers displayed Russell W. Porter’s fabulously detailed 
cut-away drawings. In January 1948, an article depicted the journey of 
the finished 200-inch mirror from Pasadena up to the teles¢Qpe as a 
major public spectacle with school children cheering along ‘the way. 
The 200-inch, another author said, will be “jealously guarded for hunt- 
ing big game of the universe.”23 

This attention culminated in the dedication of the telescope on 
June 3, 1948. Several hundred people gathered beneath the telescope’s 
dome, including distinguished scientists, workmen, trustees from the 
California Institute of Technology, and entertainment celebrities. They 
sat on folding chairs and benches beneath the recently completed 
telescope, enjoyed the cool mountain air, and listened as speakers 
praised the instrument. 


Raymond B. Fosdick, the Rockefeller F oundation’s president, spoke 
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about the ability of human knowledge to outstrip ethical judgment. 
With words tempered by concern about the atomic age and the revela- 
tion of Nazi atrocities, Fosdick described the 200-inch telescope as a 
tool to heal an ailing world.?4 Lee A: DuBridge, Caltech’s president, 
announced that the new telescope would be named the Hale Tele- 
scope in honor of George Ellery Hale, the late astronomer and states- 
man of science whose tireless proselytizing brought the project to life 
two decades earlier. 

After the speeches ended, several hundred tons of telescope and 
dome quietly began to move. Ira Bowen demonstrated how the tele- 
scope pointed at objects in the sky as the invited guests watched from 
the balcony high above the observatory floor. A radio announcer gave 
a real-time description of the events and many of the dedication’s at- 
tendees remained after the sunset to view the moons of Saturn with 
light collected in the massive mirror. 

Public interest in the telescope did not subside after the telescope 
was dedicated. On August 30, 1948, the U.S. Postmaster released a 
new three-cent stamp showing the telescope’s classically styled dome. 
The telescope became a wonderful tool for promoting astronomy and, 
as Jesse Greenstein discovered, fund-raising for Caltech astronomy.” 
Public excitement over the telescope was so great, in fact, that Ira 
Bowen had to develop a plan to accommodate the throngs of visitors 
flocking to Palomar. The observatory prepared a special publication 
called “Frontiers in Space,” which visitors read while walking among 
the pines and jays on Palomar. After learning about the 200-inch’s en- 
gineering marvels and circumnavigating the outside of its imposing 
enclosure, visitors entered a special gallery to view the telescope. 

The most celebrated feature of the Hale telescope was its primary 
mirror. Corning Glass Company cast the 14-ton mirror blank in 1934 
at its New York plant after much difficulty and one aborted attempt. 
The back of the mirror blank had a ribbed structure like a waffle that 
reduced some of its weight. The Pyrex glass from which the mirror was 
made had a lower thermal expansion than conventional glasses. When 
the mirror cooled at night, the telescope’s images were not as dis- 
torted by subtle changes in its shape. 

Opticians polished the mirror so it had a prime focal ratio much 
shorter than other instruments of its era. As in cameras, the focal 
length of a telescope is the distance between the mirror or lens and 
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the point at which these are brought to focus. The focal ratio is this 
number divided by the diameter of the mirror or lens. A smaller num- 
ber means the mirror has more steeply polished curves. In the case of 
the Hale Telescope, the distance from its main mirror to the prime fo- 
cus point was 660 inches and the diameter of the mirror 200 inches, 
producing a focal ratio of 3.3. A smaller focal ratio meant that the 
dome that sheltered the telescope could be made somewhat smaller 
and would cost less. 

Like all optical telescopes of its time, the 200-inch was designed to 
turn east-west on its polar axis and north-south on the declination 
axis—a setup known as an equatorial mount. Once the telescope was 
rotated to point at the right patch of sky, only a slight countermove- 
ment about the polar axis was needed to offset the earth’s own rota- 
tion as astronomers did their observing. 

As the telescope moved, the metal superstructure that held the opti- 
cal system flexed slightly under gravity. When this happened, the pri- 
mary and secondary mirrors needed to remain precisely aligned. Mark 
Serrurier, a Caltech graduate student, invented an innovative truss sys- 
tem of metal parallelograms that allowed both ends of the telescope to 
shift by the same amount, thus keeping the optical system aligned. The 
solution served as the basis for other large telescope designs. The 500- 
ton telescope assembly rested between two massive bearings floating 
on a thin layer of pressurized oil. The entire telescope was enclosed in 
a towering dome 137 feet high (Figure 5). 

The Hale Telescope’s design—the massive mirror, the truss system, 
the huge bearings, the equatorial mount, the semispherical dome— 
helped establish a design paradigm for large telescope constguction, 
and it set the standard for large telescopes for at least the next quarter- 
century. It also influenced the thinking of astronomers and engineers 
about what was possible in a telescope and what was beyond their capa- 
bilities. As one astronomer recalled, “I think there was this real feeling 
of mystery that the 200-inch telescope was something that had been 
produced by wizards and elves and set down on earth.”26 

Determining who got to use this top-of-the-line telescope was serious 
business. By 1949, Jesse Greenstein represented Caltech on the joint 
Carnegie-Caltech Observatory Committee where he helped allocate 
observing time on all the telescopes on Mount Wilson and Palomar. 
Besides the 200-inch and the older telescopes on Mount Wilson, these 
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Figure 5. A 1939 drawing of the 200-inch telescope looking northwest by 
ell Porter. Courtesy of the Archives, California Institute of Technology. 


Russ 
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included the world’s largest Schmidt telescope. Equipped with optics 
that enabled it to survey and photograph wide swaths of the sky at 
once and designed to complement the 200-inch, the 48-inch Schmidt 
telescope began operation in 1948. 

Astronomers at Carnegie and Caltech were divided into different re- 
search divisions. People such as Milton Humason, Rudolph Minkow- 
ski, and Allan Sandage observed “extragalactic nebulae,” as galaxies 
were still called at the time. Greenstein was in the spectroscopy divi- 
sion, an area dominated by older staff astronomers. While boundaries 
between these divisions diminished over time, some rivalry remained 
between the scientists. Walter Baade, a member of the extragalactic di- 
vision, found the spectroscopists’ work dreary. “Jesse,” he said, “they 
don’t eat, they don’t drink, they don’t love.”2” 

Once a year, Bowen requested short proposals from the Carnegie 
and Caltech astronomers for telescope time. Through a process of 
what Greenstein called “friendly throat cutting,” the Observatory 
Committee determined how much time the staff received. “Dark time,” 
when the moon’s light doesn’t obscure the faintest celestial objects, 
was the most valuable resource at the 200-inch. This commodity was di- 
vided among staff astronomers doing research on faint, extragalactic 
objects that required the darkest conditions possible. Sandage and 
Baade regularly received a month or more of dark time annually, a re- 
source unimaginable to many other astronomers. When the moon 
brightened the sky, astronomers used the telescope for spectroscopic 
work that didn’t require the dark conditions needed for studying faint 
objects.?8 

By any standard of the day, staff at Carnegie and Caltech oF gate 
alleled opportunities to observe with the world’s biggest telescopes. 
Every year a small number of visiting astronomers could apply to use 
the telescopes as well. Between 1950 and 1960, about 20 guest astrono- 
mers from throughout the United States and abroad visited either 
Mount Wilson or Palomar annually.*® Visiting astronomers were typi- 
cally restricted in the telescopes they could use. The 48-inch Schmidt, 
for example, was used almost exclusively for the National Geographic 
Society—Palomar Sky Survey, which wasn’t completed until 1956. Most 
visitors were assigned to the 60-inch or 100-inch telescopes on Mount 
Wilson. As Sky & Telescope predicted years earlier, Greenstein and other 
Palomar staff had a near-monopoly on the 200-inch for “hunting big 
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game.” Bowen explained this policy, saying, “It was a little bit unwise 
and probably not the best use of telescope time to throw a man directly 
on the 200-inch.”*° Bowen’s comment unconsciously reflects an unfor- 
tunate aspect of large telescope use at this time. Equipment at Mount 
Wilson and Palomar was not available to women until the 1960s, when 
scientists like Margaret Burbidge, Vera Rubin, and Virginia Trimble 
broke the gender barrier and were allowed to observe at night. 

In the 1950s, many of the observation runs with the 200-inch were 
carried out at the telescope’s prime focus station, located about 75 feet 
above the primary mirror. The 200-inch was the first telescope with a 
mirror large enough to permit astronomers to work at the prime focus 
without cutting off too much light from the main mirror. There re- 
searchers sat in the “observing cage” and rode with the telescope all 
night long while collecting data. 

By 1951, astronomers in the cage were using the new prime-focus 
“nebular spectrograph” designed by Rudolf Minkowski, a German 
astronomer at Carnegie, and built at the Mount Wilson Optical Shop. 
Minkowski designed the spectrograph to optimize analyses of light 
from extremely faint galaxies and stars. The spectrograph’s location in 
the prime focus cage necessitated that it be very compact and light- 
weight. To help astronomers handle it in the dark, its sturdy design 
featured smooth edges and controls that cold hands could manipu- 
late. As shown in Figure 1, the spectrograph sat on a pedestal in the 
observer’s cage. Light from the main mirror entered from below and 
struck a small polished slit at the spectrograph’s bottom. Some light 
was reflected from the slit to an eyepiece that astronomers used to 
align and guide the instrument. The light passed through the slit and 
reflected off a concave mirror to a diffraction grating that dispersed 
the light into a spectrum. Ultimately, light collected by the telescope’s 
massive mirror was recorded on tiny photographic plates less than a 
square inch in size inside the spectrograph.” 

Astronomers who used the Palomar telescope, especially in its earli- 
est years of operation, expressed fond, often romantic, feelings about 
what observing with it was like. Linking much of this pleasure to the 
experience of being alone with the telescope at night, they spoke of 
the special privilege of using such a prestigious instrument. Even while 
proudly boasting of the hardships observing entailed, they rhapso- 
dized about the magically intimate experience of using a large tele- 
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scope when, as one user reflected, “you sat with your back to the whole 
universe. ”*? 

On a typical night of observing, the astronomer walked to the tele- 
scope dome after an early dinner. “Each time you go up,” Greenstein 
recalled, “you carry some photographic plates in a tiny little box, and 
you carry a whole set of dreams of what the object you’re going to 
work on is going to turn out to be.”** Earlier in the day the astronomer 
might have prepared his plates by exposing them in a sealed box to ni- 
trogen gas (a process called “baking”), which increased their sensitiv- 
ity. The astronomer began the night with a list of possible targets, but 
weather conditions often determined which ones were actually ob- 
served. While the telescope operator opened the dome shutters and 
checked the weather, the astronomer rode the elevator to the prime- 
focus cage and climbed in. The operator shared the night’s experi- 
ence with the astronomer, operating the telescope from the main con- 
trol desk on the dome floor where sets of analog dials showed the 
telescope’s position. Throughout the night, the operator pointed the 
telescope as the astronomer requested through the intercom or simply 
by shouting. 

The observing cage was a cramped space only six feet in diameter 
where the astronomer sat in an uncomfortable chair while taking pho- 
tos or spectra. Baade joked that the seat’s shape was based on the bear- 
like Minkowski’s rear end. A single exposure might last all night, dur- 
ing which the astronomer looked through an eyepiece almost continu- 
ally to keep the object centered properly on the photographic plate or 
spectrograph slit. The work could be quite tiring, especially in the cold 
winter air, and even inefficient. Fatigue sometimes impaired’the as- 
tronomer’s visual acuity to the extent that he could no ne the 
target.** Having exceptionally fine eyesight was one of several physical 
qualities that played a role in determining who became a top-notch 
observational astronomer. For Greenstein, even having “a tough blad- 
der” was a plus because “if it was a good night, you stayed up [in the 
cage] from seven o’clock to five.” When the night was over, “there is a 
feeling of utter and complete relief of blood beginning to circulate 
again.”°5 

The personal and physical experience of using a large telescope is 
revealed in an audio tape (surreptitiously made by a night assistant) of 
Minkowski talking to himself during a night’s observing run: 
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Where is that thing? I think that’s it over there. [sound of slow mo- 
tion motor] Damn! Wrong button. [motor again] There it is . . . now 
where’s that little double to the left? ... No, that’s not it... [to the 
night assistant] Try a little west . . . Stop! [To himself] Here it comes 
[slow motion motor]. Yes, I think that’s it. Pull it down a little [slow mo- 
tion motor again] Ah! Too much! [motor sound] Now I’ve got it! 
[sound of camera opening; then, to the night assistant] Start the expo- 
sure! I’ll take three hours on this one. You can rest awhile. 


A long sigh followed as Minkowski began to hum Beethoven’s “Ode to 
Joy” before the tape ended.*© 

Using a big telescope was a skill one acquired through experience 
and perseverance, often while working alone in the dark. Astronomers 
had their own techniques for collecting data; telescope operators even 
claimed they could tell who was in the observing cage simply by the 
types of instructions that were being shouted out to them. Greenstein, 
according to a former Palomar astronomer, observed like a “bull in a 
china shop”; he wouldn’t always take perfect exposures but he got 
the data he needed.’ Caltech’s students and young faculty learned 
big-telescope techniques in a manner reminiscent of craft appren- 
tices centuries earlier. Working first with smaller telescopes in a trial- 
and-error fashion, they gradually (with tutelage from more skilled 
astronomers) moved up to help observe on the 200-inch. Between 
long exposures or on cloudy nights, older astronomers might share 
their thoughts and experiences with student assistants or new profes- 
sors over a quick sandwich or cup of coffee. Allan Sandage, for exam- 
ple, spent many nights learning to use the 200-inch telescope with Wal- 
ter Baade, and Donald Osterbrock had a similar apprenticeship with 
Minkowski. 

In 1950, when the Hale 200-inch was finally debugged and turned 
over for full-time science operations, photographic plates were the 
standard tool for recording astronomical observations. But photogra- 
phy was an inefficient technology for recording photons. Only a small 
percentage of the light hitting the photographic emulsion contributed 
to the image. For some time, companies such as Eastman Kodak coop- 
erated with astronomers to develop new emulsions suited for fainter 
sources of light over a broader range of wavelengths. Gradually, astron- 
omers abandoned photographic plates, with their inherent limitations, 
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and turned their attention instead to deyeloping electronic devices 
that recorded images and spectra more efficiently. 

The introduction of electronic light-detection devices and the hir- 
ing of people who could marry new technologies to a large telescope 
were part of what Jesse Greenstein later called the “de-astronomization 
of astronomy.”** Observatory directors and astronomy department 
chairmen realized it was essential to hire not only skilled astronomers 
but also people with backgrounds in electrical engineering and solid- 
state physics. In some cases, these people took up research in astron- 
omy as well. As early as 1945, Henry Norris Russell advised Bowen to 
get a “good man who knows modern electronic mechanisms” and pre- 
dicted that “in another decade or so, those of us who slaved looking 
through eyepieces and making measurements will be pitied by the 
folks who use the new devices.”® By 1960, traditional optical astrono- 
mers could see that their research would inevitably be intertwined 
with technological innovations developed by people they began to call 
“gadgeteers.” 

A few astronomers had experimented with comparatively primitive 
electronic light-detection systems before the war. Later, aided by the 
availability of new equipment, these astronomers quickly exploited 
their wartime experience with electronic devices to do research more 
efficiently. For instance, while photographic plates could require three 
or four hundred photons to darken an emulsion grain, new photo- 
multipliers were much more effective at recording the light captured 
by the primary mirror. Photomultipliers were basically evacuated elec- 
tronic tubes that converted light into measurable electric current. 
Light from the telescope entered a glass tube and struck photo- 
cathode. Electrons were ejected that traveled toward an an de, strik- 
ing intermediate photocathodes along the way, a process that caused a 
cascade of thousands of electrons. Photomultipliers enjoyed a rela- 
tively linear relationship between the energy of incident light and the 
electric current it produced. These new tools enabled astronomers to 
do photometry, the measurement of a star’s energy output, in a more 
straightforward fashion. 

Astronomers were interested in using photomultipliers to explore 
phenomena whose energy output changed over time. By accurately 
measuring how the light intensity of Cepheid variable stars changed, 
for example, astronomers hoped to obtain better measurements of 
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the distances to remote galaxies and to map their distribution in 
space.*? By the early 1950s, William A. Baum led a vigorous program in 
photoelectric photometry at Palomar. Originally trained as a physicist, 
Baum developed a photon-counting system that gave improved mea- 
surements of star magnitudes photographed with the 200-inch. Baum 
and Palomar astronomers soon found that the recorded magnitudes 
of certain types of faint variable stars were brighter than previously 
thought, a result that contributed to Walter Baade’s revision of the ac- 
tual distance from earth to the Andromeda galaxy. 

Photomultipliers, however, only provide a measurement of the total 
amount of light that is striking them and do not record an image in 
the same way that a photographic plate does. Astronomers were keen 
to join the light-amplifying capability of the photomultiplier with a de- 
vice such as a photographic plate that could record an image. They be- 
gan to devote considerable resources to technologies that could re- 
cord two-dimensional images electronically. Along with scientists at 
institutions like Lick Observatory and Yerkes, astronomers and engi- 
neers from Caltech and Palomar researched and built many new elec- 
tronic devices for astronomy in the 1950s. 

These new electronic tools helped redefine the astronomer’s inter- 
action with the telescope. J. Beverly Oke, a Canadian astronomer, first 
worked at Palomar in the late 1950s. He recalled how the old man- 
ual telescope guiders used to direct the telescope while tracking tar- 
gets limited the astronomer. “Because the new instruments could go 
fainter much faster than the guider,” Oke said, “you were getting into 
the domain where you were making observations on objects you liter- 
ally couldn’t see.”4! New auto-guiding systems relieved the astronomer 
of having to keep the celestial object of interest centered on the slit 
of a spectrograph or a photographic plate manually. In 1937, Albert 
Whitford and Gerald E. Kron built an early version of such a system at 
the University of Wisconsin. Engineers using the latest photoelectric 
and amplifying devices installed an improved version on the 200-inch 
in the mid-1950s.42 These new tools, according to Oke, made obser- 
vations easier and more efficient. But the telescope’s complexity in- 
creased because now “astronomers had to electrify all the things they 
used to do by hand.” 

The introduction of electronic computers was another change in 
the toolkit of the observational astronomer. Astronomers previously 
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used computers to do modeling of systems and sheer number crunch- 
ing, but they soon began reducing the data they collected at the tele- 
scope with electronic computers. In 1959, for example, one of the first 
graduates from Greenstein’s astronomy program, Halton C. Arp, dem- 
onstrated how a central computer on the Caltech campus could re- 
duce observational data from the 200-inch in a fraction of the time it 
took an astronomer using a calculator. 

The appearance of computers in the laboratories of the 1950s was 
certainly not unique to astronomy. Physicists first began using comput- 
ers on the Manhattan Project and continued to rely on them after 
the war. Automated data-reduction machines were essential to postwar 
high-energy physicists. Bigger and more powerful particle accelera- 
tors produced floods of data that only computers could efficiently sift 
through. Physicists using the new 72-inch bubble chamber at the Law- 
rence Berkeley Laboratory, for instance, relied on machines that could 
automatically measure particle tracks many times faster than a human 
operator. Experts in data-processing told physicists that they could en- 
vision the “elimination of the humans, function by function” through 
computerization. * Berkeley physicist and future Nobel winner Luis 
W. Alvarez defended these techniques as a necessary and pragmatic 
part of modern physics, in which high efficiency comes from “produc- 
tion line organization.”*® 

While astronomers’ initial experiences with electronic devices may 
not have been as disorienting as those of particle physicists, new tech- 
nologies such as photocells and auto-guiders subtly altered their work- 
ing relationship with the telescope. Jesse Greenstein reflected that 
“the kind of lone wolf effort which was popular [in the 19550 disap- 
peared when the technologies became difficult.”4° By 1960, the adop- 
tion of increasingly sophisticated electronic devices had introduced a 
new layer of technology between researchers and the phenomena they 
observed. Traditional observing practices had to be altered accord- 
ingly. For example, an astronomer using the new electronic photome- 
try system at the 200-inch alternated between measuring light from an 
object of interest and a blank patch of sky. By doing this in intervals of 
a few minutes, the astronomer was able to subtract the signal from the 
night air glow and moonlight from that of a star or galaxy.*” For re- 
searchers, electronic technologies increased the level of technologi- 
cal sophistication associated with efficiently doing cutting-edge astron- 
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omy while, for telescope engineers, these technologies represented 
another system that had to be considered when designing or upgrad- 
ing an observing facility. 

Jesse Greenstein was especially interested in using the 200-inch for 
spectroscopic observations. In 1950, another new spectrograph was in- 
stalled at the telescope’s coudé focus that Greenstein used frequently. 
The coudé focus lay along a telescope’s polar axis; light from the 
primary mirror was directed to a separate room beneath the tele- 
scope where the astronomer collected spectra in the dark. The coudé 
spectrograph complemented Minkowski’s prime focus instrument as it 
could highly disperse the light from bright sources that astronomers 
could study in greater detail. One of Greenstein’s major research proj- 
ects was to use the 200-inch telescope and its instruments as a tool to 
probe the chemical composition of stars. During the 1950s, astrono- 
mers were keenly interested in understanding how nuclear reactions 
inside stars formed elements heavier than helium. Greenstein’s re- 
search on the relative abundance of certain elements and isotopes was 
aided by close associations with physicists at Caltech’s Kellogg Radia- 
tion Laboratory such as William A. Fowler (who later won a Nobel 
Prize for his studies of how chemical elements formed in the universe) 
who were interested in the stellar creation of chemical elements. 

Greenstein also engaged in a long-term research program to study 
white dwarfs. These form when nuclear burning at a star’s interior 
stops and its core begins to contract under its own gravity. This com- 
pression continues until the star becomes extremely dense, with all of 
the star’s material, called degenerate matter, squeezed into such a 
small volume that its electrons cannot be packed any closer together. 
Besides being astronomically interesting, white dwarfs provide “labora- 
tories” for measuring the behavior of matter under extreme condi- 
tions that cannot be duplicated elsewhere. Greenstein was drawn to 
the study of white dwarfs for several reasons, not least because he be- 
lieved they were extraordinary celestial objects with “all the romance 
astronomy should have.”*’ By the mid-1950s, Greenstein had discov- 
ered dozens of new white dwarfs. 

Throughout his career, Greenstein maintained a pattern of research 
shaped by a “low threshold of boredom” and an “inability to resist the 
use of newly available equipment” on astronomical problems. He fre- 
quently plunged into new areas of investigation, published several pa- 
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pers, and moved to another area that caught his attention. Green- 
stein’s ample observing time on the 200-inch telescope enabled him 
and other scientists to skim the cream from a wide range of research 
interests. “We had a big telescope, we could work on faint objects,” he 
said, “You can’t resist the fact that you’ve got an unbeatable gadget 
that nobody else has.” 


Courting New Patrons 


In May 1957, Leo Goldberg wrote his long-time patron Henry Hulbert 
about new developments in Michigan’s astronomy department. Gold- 
berg apologized for not being a more diligent correspondent but, as 
he explained, “I have also been rather busy during the last few months 
in helping to organize the National Observatory in Arizona. . . I ex- 
pect that some day the Arizona observatory will be the most important 
one in the world, and unlike other observatories, it will be open to 
all astronomers on the basis of scientific merit only.”°° Goldberg was 
speaking, of course, about the establishment of AURA, a consortium 
of universities that would soon begin operating Kitt Peak National Ob- 
servatory (Kitt Peak hereafter), the national center for optical astron- 
omy. Goldberg’s activism, as his letter noted, was a prime catalyst for 
the establishment of Kitt Peak.®! 

The founding of Kitt Peak was a major milestone in the history of 
American astronomy. The new national observatory offered any as- 
tronomer, regardless of institutional affiliation, an opportunity to re- 
ceive telescope time and compete with scientists from the major pri- 
vate observatories. In establishing Kitt Peak, the federal goy rnment 
continued the Cold War trend of supporting science by investing in 
large-scale national facilities. Not all astronomers approved of so much 
federal money going to national facilities and space-astronomy pro- 
grams instead of to individual researchers. The priorities of Goldberg 
and Greenstein often represented opposite sides in an increasingly po- 
larized debate about the proper balance between private and federally 
funded observatories. 

In the 1950s, astronomy metamorphosed from a science largely 
funded by state and private money to one in which federal dollars had 
an essential role. Greenstein and Goldberg were active participants in 
this transition. Both men received some of the first grants from the 
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ONR and the NSF. This money helped them build up the institutional 
capabilities of their departments and fund their own research. More 
importantly, the two men also helped determine how federal money 
for all of astronomy would be allocated. 

During the 1950s, as astronomers started to take advantage of fed- 
eral funding, Goldberg and Greenstein began to espouse differing 
opinions about how astronomy should be done—by individuals or 
teams, from space or the earth, and, most importantly, at private or na- 
tional facilities. These differences can be partially traced to their insti- 
tutional affiliations and attendant goals. Greenstein felt passionately 
about his stewardship of Caltech’s astronomy program while Goldberg 
was intent on fostering national astronomy centers that could comple- 
ment and compete with private institutions. 

Before World War II, American astronomy was a relatively coher- 
ent discipline. Some cracks in the facade existed before 1940, such 
as longstanding mistrust between the major East Coast and West Coast 
observatories.®2 However, the community was small and united by its 
shared heritage of using traditional telescopes. Before the advent of 
the national observatory system, the nation’s largest telescopes were 
controlled by a few private institutions, including Yerkes-McDonald, 
Lick, and Palomar. Astronomy’s patronage system still relied on phi- 
lanthropy and state funds. The directors of these observatories—men 
such as Henry Norris Russell, Walter S. Adams, Otto Struve, and 
Harlow Shapley—wielded considerable power. They could influence 
the careers of other scientists, shape research agendas, and control the 
distribution of critical resources like observing time and funding. At 
night, observations at the telescope were made primarily at visible 
wavelengths and team-based research was rare. 

After the war, the astronomy community fragmented at an accelerat- 
ing rate. Traditional optical astronomers soon found themselves col- 
laborating and competing with scientists using radio telescopes 
and rocket-borne and space-based instruments. New technologies and 
more specialized equipment diluted the importance, in some scien- 
tists’ eyes, of the large, all-purpose optical telescope.” National advi- 
sory panels during the 1950s and early 1960s also placed more empha- 
sis on stellar and galactic astronomy than on solar system studies, 
thereby alienating still other astronomers.” 

It might appear that American astronomy after 1945 simply wit- 
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nessed the same changes experienced in high-energy physics or ocean- 
ography with the influx and influence of government funding and 
the construction of new and elaborate facilities. But the extensive pri- 
vate and state investments that defined and shaped astronomy before 
the war did not die out after generous federal funding appeared. In- 
stead, American ground-based optical astronomers had two consider- 
able and competing sources of support. This was (and still remains) a 
unique situation in the context of international astronomy. Astrono- 
mers in other countries were limited to government and university 
support. America’s dual patronage system for astronomy had (and 
continues to have) a tremendous impact on debates concerning new, 
large telescopes. 

American astronomers, especially optical astronomers, were slow 
to take advantage of federal patronage after World War II, respond- 
ing neither as quickly nor as enthusiastically as the American physics 
community did. Astronomers’ initially tepid response to federal fund- 
ing can be attributed to “an elite infrastructure” more interested in 
“preserving authority and control” than adding new members or em- 
bracing new technologies made possible by federal money.®> Harlow 
Shapley and other members of the community had ethical misgivings 
about accepting military funding, while others worried that astrono- 
mers would become dangerously reliant on outside resources. Obser- 
vatory directors who had shepherded their institutions through war 
and economic depression feared becoming dependent on federal pa- 
tronage and losing control of their research programs and resources. 
Gradually, the reticent attitude of the astronomy community, hanged, 
partly due to the efforts of younger astronomers like Leo Goldberg 
and Jesse Greenstein. 

In early 1946, the ONR began an aggressive program to support ba- 
sic science research. Within months, three out of every four dollars for 
basic research came from the ONR.* Besides providing funding for re- 
search in areas with potential military value, such as solar physics and 
radio astronomy, the ONR also gave astronomers about $80,000 a year 
in small grants.*” This was a pittance, of course, compared to the mil- 
lions of dollars the physics community was receiving from the govern- 
ment. Physicists had successfully promoted their discipline as having a 


value beyond scientific knowledge that touched the core of America’s 
national security. 
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The National Research Council administered the ONR funds for as- 
tronomy. This arrangement maintained an established pattern of con- 
trol dating back to World War I and the committee that advised the 
ONR was almost entirely composed of directors of elite observato- 
ries.°* These men felt that federal support should not replace tradi- 
tional sources and were content to keep government contributions at 
modest levels. 

Consequently, the first members of the NRC’s advisory panel held 
conservative views of the postwar astronomy community’s needs. In 
1950, C. Donald Shane, chair of the NRC committee and director of 
Lick Observatory, prepared a report that suggested astronomers’ an- 
nual needs could be met with about $540,000 from the nascent Na- 
tional Science Foundation. Shane’s conservative estimate was based 
on the belief that universities, the traditional supporters of astron- 
omy, should not use federal funds “to escape the expenditures for 
astronomy they would otherwise make.”® Moreover, Shane believed 
advisor-astronomers, not Washington bureaucrats, should control the 
resources offered by the federal government. Only a few astronomers, 
including Leo Goldberg and his mentor Donald Menzel, successfully 
lobbied the Navy directly for tens of thousands of dollars to build 
equipment and fund long-term research programs. The majority of as- 
tronomers merely requested small ONR grants to fund short-term 
projects with clear goals. 

Soon after President Truman signed the bill that established the 
NSF in May 1950, the new agency asked Jesse Greenstein to lead its 
Advisory Panel for Astronomy. Goldberg, meanwhile, directly advised 
Paul Klopsteg, head of the NSF’s Mathematical and Physical Sciences 
Division. A major question was whether the older NRC committee 
would continue to allocate the NSF’s astronomy funding or whether 
the NSF would exercise autonomy over its own budget. Greenstein 
preferred the ONR-style of favoring small grants to individuals while 
Goldberg believed that the NSF needed to establish its own protocols 
and sphere of influence. Goldberg was also aware of the NSF's plans 
to establish large-scale national facilities, something not easily done 
within the ONR model. 

In 1951, the NRC’s advisory committee had a changing of the guard. 
Leo Goldberg became its chair and the committee included younger 
astronomers like Lyman Spitzer and Fred L. Whipple who advocated 


38 *« GIANT TELESCOPES 


ageressive plans for expanding astronomy. One of the issues they dis- 
cussed was how and to what extent the NSF should support astronomy. 
There was strong disagreement among the committee members about 
Shane’s earlier appraisal for funding from the NSF. Greenstein, who 
also served on Goldberg’s committee, believed Shane’s estimate was 
too large while scientists like Goldberg and Whipple argued that as- 
tronomers should ask for at least twice that amount. While Goldberg 
did not believe federal sources should provide all funding for astron- 
omy, he was much more enterprising than many of his colleagues in 
pursuing government support for research. He had already seen the 
benefits of this approach; his astronomy department at the University 
of Michigan had half of its faculty salaries paid by federal funding, the 
highest proportion of any program." 

Goldberg’s and Greenstein’s differing viewpoints made sense given 
their home institutions. Greenstein ran a program that already had ac- 
cess to the world’s biggest and best telescopes. Moreover, the Carnegie 
Institution of Washington barred its observatories from accepting fed- 
eral funds. On the other hand, Goldberg’s Michigan program relied 
heavily on federal funding while Goldberg himself favored the estab- 
lishment of large-scale national observatories. Goldberg argued to 
Greenstein that the NSF’s support could improve the overall infra- 
structure of science, which included building big facilities, and ensure 
that basic research remained free of military control.®! 

Greenstein remained concerned about how the NSF was approach- 
ing the question of funding astronomy and advocated that astrono- 
mers themselves keep control rather than ceding it to the agency. Who 
would be responsible, Greenstein asked, if the NSF made poe choices 
in funding proposals? Frustrated that the NSF Program Director for 
Physics and Astronomy, Raymond J. Seeger, was not a practicing as- 
tronomer, Greenstein also complained that his advisory panel was not 
sufficiently informed about the NSF’s plans to build a modest-sized 
national telescope for photoelectric research. In addition, Seeger 
had appointed another committee that diluted the advisory role of 
Greenstein’s committee. This ad hoc Panel on Astronomical Facilities 
was chaired by Robert McMath with Struve, Bowen, and Whitford as 
members. The NSF, acting on a suggestion from McMath’s ad hoc 


panel, organized a conference in August 1953 to discuss plans for the 
new national facility. 
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Leo Goldberg attended the August meeting with thirty-five other as- 
tronomers at Lowell Observatory in Flagstaff, Arizona, under what he 
later called “false colors.” His acceptance letter noted “that my think- 
ing is much more ambitious than the proponents of the photoelectric 
telescope.” Goldberg believed that astronomy could and should bene- 
fit from the NSF’s growing financial clout, especially after the original 
$15 million cap on the agency’s budget was removed. In the closing 
session of the Flagstaff meeting, Goldberg told his colleagues that the 
NSF should think beyond just building a small telescope for special- 
ized measurements. “What this country needs is a truly National Ob- 
servatory to which every astronomer with ability and a first-class prob- 
lem can come on leave from his university.”°* Significantly, Goldberg 
proposed that this new national, publicly funded telescope rival the 
size of the large private telescopes in use or under construction. 

Goldberg made his recommendation for a national optical astron- 
omy facility at a propitious time. In the mid-1950s, the NSF was eager 
to develop what it called “large-scale facilities.” Besides astronomy, the 
agency was interested in major undertakings in nuclear science, bio- 
logical field stations, and university computing centers.® Greenstein’s 
advisory panel endorsed plans for what was initially called the Inter- 
University Astronomical Observatory in January 1954. Soon afterward, 
Seeger at the NSF assembled yet another committee, the Advisory 
Panel for a National Astronomical Observatory. 

This new committee was again chaired by Robert McMath. McMath 
was completing his term as president of the American Astronomical 
Society and, more importantly, had helped negotiate with the Eisen- 
hower Administration for a substantial increase in the NSF’s funding. 
Aided by McMath’s intervention and Cold War pressures, the NSF's 
funding soared during the 1950s, from $8 million in 1954 to $134 mil- 
lion five years later. The NSF allocated more than 12 percent of its $40 
million budget to astronomy in 1956-1957 alone." These significant 
and growing resources made it possible for the NSF to consider invest- 
ing in large-scale science facilities. 

McMath’s panel met for the first time in November 1954 to con- 
tinue negotiations for the national optical observatory. Goldberg 
helped McMath select committee members who represented the ma- 
jor U.S. observatories and he attended their meetings in Ann Arbor. 
One of the first tasks of McMath’s group was to determine how the 
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NSF could legally operate a national optical observatory. The legisla- 
tion that brought the agency into existence did not allow it to manage 
its own facilities directly. McMath, Goldberg, and the other members 
of the panel recommended the NSF base its plans on the model used 
by Associated Universities, Inc., a consortium of universities that oper- 
ated Brookhaven National Laboratory for the Atomic Energy Commis- 
sion. At the same time, astronomers (including Goldberg and Green- 
stein), science managers, and the NSF were hotly debating the merits 
of a similar approach for what would become the National Radio As- 
tronomy Observatory in Green Bank, West Virginia. 

McMath’s committee also had to determine where a national obser- 
vatory for optical astronomy would be located. In November 1954, 
they recommended that Aden Meinel lead the search for a suitable 
site. Meinel had also attended the 1953 Flagstaff conference. The 
Yerkes astronomer and optics expert recalled having whispered dis- 
cussions with Goldberg while listening to his colleagues debate—too 
timidly, Meinel thought—the NSF’s plans for a new national obser- 
vatory.°7 

With funding from the NSF, Meinel began to explore sites in the 
Southwest using survey photos taken from rockets launched from New 
Mexico. In the early summer of 1955, he and Helmut Abt conducted a 
more thorough survey over New Mexico and Arizona using a small 
plane and jeep.® Abt thought Kitt Peak looked most promising and, in 
1955 and 1956, he and Meinel returned to test the site more thor- 
oughly. While Meinel and Abt were lugging equipment to the tops of 
mountain peaks in the Arizona desert, Goldberg and McMath’s advi- 
sory panel worked out the details of how the observatory Mould be 
managed. 

In April 1956, Albert Whitford described the panel’s five-year plan 
to the astronomy community. Once a site had been officially chosen, 
work would begin on a 36-inch telescope followed by an 80-inch tele- 
scope. The observatory itself would be managed by “a cooperative as- 
sociation of universities . . . representative of those in the eastern and 
midwestern sections of the country which would be the most frequent 
users of the telescope.” In short, astronomers envisioned the national 
observatory largely as a resource for the community’s “have-nots.” Ob- 
servers from any other institution, however, could apply for observing 


time to be awarded on the “basis of merit rather than institutional con- 
nection.””° 
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In 1957, McMath’s panel and representatives from the NSF set crite- 
ria for membership in the consortium. A school had to have at least 
three astronomers, a graduate program, and appropriate institutional 
support. In March 1957, representatives from seven universities—Cali- 
fornia, Chicago, Harvard, Indiana, Michigan, Ohio State, and Wiscon- 
sin—accepted Goldberg’s invitation to meet in Ann Arbor. Caltech was 
invited to participate, as was Princeton. Both schools declined; Caltech 
cited fears that it might unfairly dominate the fledgling organization 
and Princeton decided to put its resources into balloon and space- 
based astronomy.”! In October 1957, the Association of Universities for 
Research in Astronomy, Inc. was created, with board members selected 
from the seven participating universities. The next year, AURA’s board 
approved building the new national observatory on Kitt Peak and se- 
lected Aden Meinel as its first director. 

Years later, Goldberg gave a more colorful account of Kitt Peak’s cre- 
ation. He recalled attending a Washington dinner party in January 
1962. One of the guests was Senator Warren Magnusson, chair of the 
committee with budgetary authority over the NSF. Magnusson noted 
that a few years earlier his committee was examining the NSF's bud- 
get request when Representative Albert Thomas, Magnusson’s House 
counterpart, proposed eliminating the “Mount Kitt Observatory.” 
Goldberg said Magnusson then nodded toward another dinner guest 
present that night, Senator Carl Hayden of Arizona. Magnusson de- 
scribed how he had reminded Thomas that he couldn’t delete the 
budget line because “that’s Carl’s observatory.” Thomas, on hearing 
this, said, “Well, why didn’t you say so? P’'ll put it back in!”” 

While Goldberg’s story may be apocryphal, it illustrates the exten- 
sive negotiating and political wrangling that he perceived as necessary 
to establish national observing facilities. The move by the NSF to de- 
velop and manage large-scale science facilities was part of the larger 
postwar trend to invest federal money into a broad infrastructure for 
science. Edged out of the accelerator-building business by the Atomic 
Energy Commission, the NSF turned to other fields such as astron- 
omy, geophysics, and biology to build national research centers and 
help establish itself as a major supporter of basic research.’ Goldberg, 
in later years, noted that that the NSF wasn’t explicitly interested 
in supporting astronomy during the 1950s. Instead, he believed, as 
probably some at the agency did, that building large facilities for as- 
tronomy would enable the agency to move into other areas of re- 
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search.”4 The NSF’s ambition in this arena would reach its apogee with 
Project Mohole, an infamous and expensive decade-long attempt to 
drill through the earth’s crust that, in 1966, became the first basic sci- 
ence project terminated by Congress.” 

Astronomers and the NSF established the national observatories for 
optical and radio astronomy simultaneously. Goldberg and Greenstein 
consulted and served on committees for both national centers, and 
Goldberg was later offered the directorship of NRAO but chose in- 
stead to remain at Michigan. The path that led to the first optical tele- 
scopes on Kitt Peak was peaceful compared to the stormy debates over 
how NRAO would be managed.” Unlike optical astronomy, which re- 
tained its tradition of private and state patronage into the postwar era, 
scientists established radio astronomy almost entirely ex nihilo from 
federal sources. 

Ironically, scientists’ differing reactions to federal support for radio 
and optical astronomy in the 1950s would reverse itself over time. Af- 
ter a contentious beginning, American radio astronomers put their 
faith almost entirely in a federally funded system of facilities while re- 
maining relatively united about their priorities for new telescopes. In 
stark contrast, optical astronomers, burdened by their rich, prewar 
heritage of privately funded telescopes, became increasingly divided. 
They struggled to allocate federal funds among individual investiga- 
tors, private observatories, and the national optical observatory. The 
continuing private and state support of astronomy caused many to 
question the role of the national centers. Such disagreements directly 
affected debates decades later when the American astronomy commu- 


A 


nity was considering how to build the next generation of giant tele- 
scopes. 


Deciding Astronomy’s Priorities 


In 1960, Leo Goldberg accepted an offer from Harvard University’s 
Astronomy Department and returned to Cambridge. Six years later, 
he became director of the Harvard College Observatory. Both moves 
further increased his stature and influence in the science commu- 
nity. Goldberg and Greenstein remained in sporadic contact with each 
other, mostly on professional matters, but playfulness occasionally sur- 
faces in their letters. In the late 1960s, when Greenstein was on Har- 


Leo and Jesse’s Changing World + 43 


vard’s Board of Overseers and Goldberg was, as he described, just 
“lowly faculty,” Goldberg asked his former classmate for extra tickets to 
Harvard’s football games. Goldberg, acknowledging that Greenstein 
was one of the “least likely people to use the tickets,” promised not to 
swap them in Harvard Yard for “a case of marijuana.” The two astrono- 
mers also discussed major events in American politics such as John F. 
Kennedy’s 1960 election and Senator Eugene McCarthy’s 1968 presi- 
dential campaign, candidates Goldberg supported whereas Greenstein 
tended toward middle-of-the-road, anti-war, Republican candidates.” 

During the 1960s, astronomers became increasingly divided over 
how federal funding should be allocated and which facilities and areas 
of research should be supported. Consequently, Goldberg and Green- 
stein came to have ever-differing views about the management of as- 
tronomy. Greenstein felt that the best science came from funding elite 
astronomers and observatories and worked to ensure that private in- 
stitutions remained powerful. Goldberg, a scientist at a university with- 
out access to large telescopes, supported healthy, federally funded 
national observing centers that would be available to all qualified as- 
tronomers. 

Their differing opinions were a microcosm of a larger schism that 
came to bedevil the American astronomy community. They also re- 
flected long-standing differences among American scientists and poli- 
ticians about the best way for the government to support research. In 
the 1940s, Vannevar Bush favored an elitist approach through which 
federal funds would support “autonomous, high-quality research, self- 
governing units” that represented “small science.” He was swayed by 
the belief that federal agencies were incapable of top-notch science. 
Countering Bush’s elitist views, which were laid out most famously 
in his 1945 report Science—The Endless Frontier, were people like West 
Virginia’s Senator Harley M. Kilgore. He wanted to support research 
for the general welfare, favored government labs, and opposed sup- 
porting research at only a few prominent institutions. Like Bush and 
Kilgore, in the 1960s, Greenstein and Goldberg became divided over 
issues such as support for private versus national laboratories and the 
amount of laissez-faire management desirable in science. 

The Soviet launch of Sputnik Jin 1957, the increased funding of the 
NSF, and. the creation of NASA in 1958 brought more government 
money to astronomy. With it came a need to distribute resources equi- 
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tably. By 1960, astronomers began to devote increasing attention to 
how this money should be spent and what their community’s priorities 
were. Initially, panels such as Jesse Greenstein’s Advisory Panel for As- 
tronomy determined the NSF’s allocations. As the NSF’s program of- 
ficers took a more prominent role, astronomers gradually lost this ave- 
nue of control. In time, many influential scientists began to publicly 
advocate for some degree of long-term planning for astronomy. Fur- 
thermore, rapid growth of the astronomy community, tripled in size 
during the 1960s, strengthened the need for centralized planning.” 

Not all astronomers were enthusiastic about this strategy. Some 
equated planning with regimentation and believed that any strategic 
plan would squelch the ability of the individual researcher to deter- 
mine a research agenda. Gerard P. Kuiper, a prominent planetary as- 
tronomer at Yerkes Observatory, argued for researchers’ personal au- 
tonomy, saying, “The most important problems of astronomy are those 
which the best astronomers are now trying to solve.”® 

The astronomers’ anxiety was understandable given developments 
in related disciplines such as physics. During the 1950s, it was in- 
creasingly common for teams of physicists and engineers to work for 
months on a single experiment at one.of the AEC-run national labs. 
Papers authored by large teams became an accepted practice as youn- 
ger physicists were seen as “organization men” who found satisfaction 
not in pure research but in the size of their equipment, their access to 
resources, and the glamour associated with their field (circumstances 
one historian has called the “suburbanization of postwar physics”) .®! 
By the late 1950s, astronomers recognized the need to set pheir own. 
priorities while retaining their autonomy. f 

As early as 1954, Goldberg discussed the possibility for a “survey of 
the requirements of astronomy” with Otto Struve. Goldberg supported 
the idea but felt any study had to be carried out by people actively en- 
gaged in research (in other words, not the NSF). Goldberg, who car- 
bon-copied his letter to Greenstein, was bullish about what the United 
States could afford in terms of national facilities and equated Ameri- 
can leadership in astronomy with “the expenditure of very large sums 
of money for equipment.”®? Struve soon published a widely read article 
urging that astronomers take control over their own destinies.®3 

In the wake of the Korean War and Sputnik, the federal government 
began to take an interest in reforming the management of the basic 
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research it sponsored. Much of the initial attention fell on high-energy 
physics and space science; only later did its supervisory eye shift to as- 
tronomers.* In 1962, the National Academy of Sciences (NAS) estab- 
lished a Panel on Astronomical Facilities. As the NAS assembled its ad- 
visors, Goldberg suggested that the Academy look at whether federal 
funding had caused imbalances between radio, space, and optical ob- 
serving. He also strongly encouraged Albert Whitford, who recently 
had become director of Lick Observatory (which, coincidentally, had 
just completed the world’s second-largest telescope with a 120-inch 
mirror), to lead the effort.® 

By late 1962, the NAS panel was established with Whitford as its 
chair. It produced the first of what would become known as astron- 
omy’s “decadal surveys.” These reports describe the field’s health, 
summarize important scientific advances of the past decade, and set 
research goals for the next decade. More importantly, through a pro- 
cess of debate and negotiation closed to the public and the general as- 
tronomy community, the decadal survey committees presented a pri- 
oritized and influential list of instruments and facilities that should 
receive federal funding. 

The committee’s conservative mandate was based on what Whitford 
later called a “provincial view of what astronomy was in the early 1960s.” 
The NAS confined Whitford’s study to ground-based astronomy and 
charged it with examining the need for major new facilities in the 
next five or ten years.** Whitford assembled a small group of seven as- 
tronomers to carry out the study. They represented all of the major re- 
gions of the United States and included people like Bruce Rule from 
Caltech, W. W. Morgan from Yerkes, and Allan Sandage of Carnegie. 
While neither Goldberg nor Greenstein were members of Whitford’s 
committee, both offered it substantial input. 

Greenstein’s biggest concern was what he called the “enormous 
disproportion” between federal support of astronomy at private insti- 
tutions such as Caltech and that going to the national centers. The 
“need for balance” became, in fact, something of a mantra for Green- 
stein in his correspondence and formal statements throughout the 
1960s. In response to a request from Whitford, in March 1963 the 
Caltech astronomer sent a letter to the NAS. Greenstein expressed 
“little doubt that a substantial fraction of . . . astronomical research” 
came from large state and private observatories such as Palomar. 


46 + GIANT TELESCOPES 


While traditional techniques might have lacked the “space-age cachet” 
of rocket-borne observing platforms, Greenstein argued that large, 
ground-based telescopes still had a crucial role in astronomy. If the 
NSF wanted to build more publicly accessible telescopes, Greenstein 
saw no reason these could not be managed by a single university (such 
as Caltech) as a “regional facility supported by government funds.” 
Central to his message was the warning that, unless checked, the 
national centers would continue to grow at the expense of private facil- 
ities.87 

That same month, Goldberg and Greenstein personally crossed 
swords over the NAS decadal survey. Greenstein told Goldberg that 
funding pressures had recently forced the observatories at Mount Wil- 
son and Palomar to discontinue their guest-observer programs. New 
ground-based telescopes, Greenstein insisted, were of pressing impor- 
tance while their cost would be “less than . . . a single orbiting astro- 
nomical observatory.” Greenstein tactfully explained that he “meant 
no invidious comparison” to Goldberg’s interest in space astronomy 
but simply wanted a balance between “large observatories devoted to 
ground-based astronomy and the national facilities.”** Goldberg re- 
plied that great observatories such as Palomar could certainly not 
afford to stand still. But, he concluded, Kitt Peak was founded to meet 
the growing national need for observing facilities for astronomers with- 
out regular access to the private telescopes on the West Coast. 

Goldberg also engaged members of Whitford’s committee directly 
about the future of astronomy. For example, he had a pointed ex- 
change with Allan Sandage about putting resources into space instead 
of ground-based astronomy. He questioned Sandage’s asseftion that 
the bulk of future astronomical research would be done from the 
ground and asked that Whitford’s committee take “cognizance of the 
whole observational field of astronomy rather than of ground-based 
astronomy alone.” Sandage sharply replied that East Coast astrono- 
mers were “biased toward selling the space effort as the major hope” 
for astronomy. “Ground-based astronomy cannot be allowed to stag- 
nate for lack of equipment,” Sandage wrote, while “space propaganda” 
went unchallenged.* Years later, an associate of Goldberg’s recalled 
that the Harvard astronomer once visited Palomar, where Sandage 
gave him a tour. When Sandage asked what he thought of the world’s 


biggest telescope, Goldberg supposedly quipped that he was “mentally 
weighing it” for launch into space.” 
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Other astronomers shared Sandage’s view. In January 1963, Law- 
rence Aller, a former member of Goldberg’s Michigan department, 
publicly complained how space and radio astronomy were lavishly sup- 
ported while traditional ground-based optical telescopes languished. 
“In no other scientific field,” Aller charged, were researchers expected 
to “bring home the bacon with capital equipment dating from 1908, 
1888, or earlier.” While space and radio techniques were impressive, 
the opening of new electromagnetic regions did not mean traditional 
tools should be allowed to “blacken with the dust of obsolescence.” 
Many of astronomy’s most pressing research problems, Aller argued, 
could be attacked only with “instruments of large, light-gathering 
power.”®! Goldberg did not challenge cries that ground-based astron- 
omy was suffering as resources were directed toward space astronomy. 
Rather, he took a more expansive tone, suggesting that all of astron- 
omy would be afflicted if either space or ground-based observing was 
promoted at the expense of the other.” 

In April 1963, Geoffrey R. Burbidge, a scientist at the University of 
California in San Diego, gave a provocative presentation to Whitford’s 
committee. In 1957, Burbidge, along with Margaret Burbidge, Willy 
Fowler, and Fred Hoyle, had published a seminal paper on stellar 
nucleosynthesis that brought the English physicist-turned-astronomer 
great renown. Not known for shyness, Burbidge criticized astrono- 
mers’ inherent conservatism in failing to embrace more efficient ways 
of doing research. Team-based research was yielding dramatic payoffs 
for physicists, while astronomers working alone at telescopes were be- 
ing left behind. Changes were needed in the infrastructure, organiza- 
tion, and practice of astronomy, including a nationally available tele- 
scope with a size rivaling the 200-inch and managed like the national 
accelerator labs. He urged that astronomers shed their cautious na- 
ture and adopt more of the traits of high-energy physics “where people 
are literally eating each other up in order to do something of sig- 
nificance.” 

Greenstein received a copy of Burbidge’s polemic, read it with “in- 
terest and some pleasure,” but disagreed with most of it. Team re- 
search, he said, had some value, but it was usually not of the same qual- 
ity as that done by individual astronomers. Greenstein argued that 
instead of putting more large telescopes, optical or radio, under con- 
trol of the national observatory, “the only proper method is to see 
whether Lick or Mount Wilson-Palomar deserve another big telescope 
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and give it to them.” Instead of nationally funded facilities, Greenstein 
pushed for “the benevolent dictatorship of the elite. If you don’t think 
they move fast enough, give the elite more backing.” 

In August 1964, the Whitford panel presented its final report to the 
NAS. So far as the construction of new large optical telescopes was 
concerned, Whitford’s major (and most expensive) recommendation 
was that three new large telescopes be built at a cost of about $20 mil- 
lion apiece. The NSF had already funded one of these, a telescope 
with a 4meter mirror (recall that the Hale Telescope on Palomar had 
a 5-meter mirror) for the national observatory at Kitt Peak. 

Who was to operate all these new telescopes? The report didn’t 
identify specific institutions, instead calling for free and open competi- 
tion. As Whitford later recalled, it was in the community’s best interest 
to have some rivalry between individual institutions for new instru- 
ments.” Both Caltech and Lick, for example, had set their sights on a 
large telescope in the southern hemisphere. 

Perhaps recognizing the delicate question of whether new tele- 
scopes should go to private institutions or national centers, Whitford’s 
report was intentionally noncommittal. Each future telescope pre- 
sented a unique situation. Federal or inter-university operation might 
work in some cases, while private management might be better suited 
in others. It concluded that the quality of the people who built and 
used the new telescopes was more important. “More than one arrange- 
ment,” the report noted, “has been made to work well by the nuclear 
physicists” in running big accelerators. 

While, on its face, the report was neutral as to the balance between 
national and private telescopes, a more careful reading shoWsyan im- 
plicit bias toward elite ownership of large telescopes. Many astrono- 
mers at private observatories believed that they were doing the best, 
cutting-edge research. Even Leo Goldberg conceded that Kitt Peak’s 
early scientific staff was mediocre as it focused initially on building new 
telescopes.” Even though “the greatest good for the greatest numbers 
doctrine” was compelling, some astronomers at private observatories 
told Whitford that what astronomy needed most was “theoretically 
well-grounded, astronomically-oriented physicists, not third-rate ob- 
servatory-trained . . . technicians.”°8 So the Whitford report’s state- 
ment that the “principle of equality of opportunity must be subordi- 
nated to the . . . requirement of excellence” could be interpreted as 
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evidence that private observatories should reap the rewards of new 
telescopes. 

As the 1960s marched on, Greenstein and Goldberg continued to 
present disparate views of how astronomy should be funded and done. 
In 1966, AURA’s board invited Goldberg to join it after he completed 
his term as President of the American Astronomical Society. In this 
position, he advocated further improvement of the national obser- 
vatory to enable its equipment and staffing to rival the private observa- 
tories. Goldberg also continued to push for a more central role for 
space-based observatories. The first attempts were heart-breaking 
failures; but by 1969, he and his students were getting good data from 
space. Goldberg also chaired NASA’s Astronomy Missions Board, 
which helped determine space astronomy priorities from 1967 to 1970. 
Panel members discussed a myriad of plans for federally funded tele- 
scopes in orbit and on the moon but clashed with more traditional 
astronomers who favored greater NASA support of ground-based 
projects. 

Greenstein maintained his belief that cutting-edge astronomy was 
best done at a few private or university-run observatories. He contin- 
ued to argue that the balance between national and university facilities 
was uneven and worked to see a new policy put into practice. Green- 
stein also served for a period of time on the Astronomy Missions Board 
but resigned in 1969 when he realized that NASA was not going to pro- 
vide the support he thought necessary for “the future of modernized, 
ground-based optical and radio astronomy.” Greenstein’s resignation 
letter made it clear that he “did not believe that all astronomy will 
be done from above the atmosphere” and that NASA’s rewards from 
space astronomy would be limited if “very large optical telescopes” 
were not built on the ground as well." 

He would not have to wait long before having an unparalleled op- 
portunity to put his vision of astronomy’s future into practice. A few 
months after stepping down from Goldberg's NASA panel, the Na- 
tional Academy of Sciences picked Greenstein to chair its next decadal 
survey of astronomy, with a mandate to chart the community’s priori- 
ties for the 1970s. This set the stage for a contentious battle over how 
new telescopes should be funded and built and who would have access 


to them. 


CHAPTER 2 


Tradition and Balance 


Blueprints and designs for innovative ways to make bigger and better 
instruments litter the history of science. One prophet of larger tele- 
scopes was George W. Ritchey. An American telescope maker and as- 
tronomical photographer, Ritchey labored for years polishing and test- 
ing the mirrors for Mount Wilson’s telescopes. His dour temperament 
and perfectionism brought him into conflict with George Ellery Hale 
and Walter Adams, a prominent scientist at Mount Wilson. In 1919, af- 
ter the 100-inch was completed, Ritchey was fired amid charges of dis- 
loyalty, and he moved to France to pursue his dream of building ever 
larger and more powerful telescopes. 

Ritchey, like all astronomers, knew that the heart of any telescope 
is its primary mirror. Besides determining a telescope’s performance, 
the mirror is the most difficult and expensive part of a av to 
make. Typically made of glass, the mirror blank is exquisitely! polished 
for months and eventually coated with only a few micrometers of 
metal. In the world’s biggest telescopes, thousands of pounds of glass 
costing millions of dollars serve to support a few ounces of reflective 
aluminum. 

Ritchey explored ways to make large but lighter weight mirrors as 
part of a more ambitious goal to overturn traditional ideas about 
telescope design. In time, Ritchey predicted, astronomers would see 
“how inefficient, how primitive it was to work with thick solid mirrors, 
obsolete mirror-curves, equatorial telescope-mountings ... requiring 


enormous domes and buildings, and similar anomalies in a progres- 
sive age.”! 
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One avenue Ritchey explored was what he called “cellular mirrors.” 
Instead of a monolithic mirror blank of solid glass, Ritchey hand- 
crafted and joined many thin glass ribs to separate top and bottom 
glass face sheets as part of a lightweight, rigid, honeycomb-like struc- 
ture. He predicted that mirrors built this way would lead to the “great 
telescopes of the future,” and he believed nations should unite to 
build several “super-telescopes” at different latitudes at sites believed 
to offer superior observing conditions (such as the rim of the Grand 
Canyon). He envisioned these “mighty guns of Peace,” boasting 8-me- 
ter mirrors, as the basis for an international observatory system oper- 
ated under “democratic management” for astronomers by “specially- 
trained technicians.” 

Unfortunately Ritchey, an outsider in the astronomy community, 
could not mobilize the support needed for his ambitious and idealistic 
concepts. He also had the misfortune of suggesting that telescope de- 
signers adopt his ideas when current approaches toward building and 
designing large telescopes were still quite useful. 

Like Ritchey, Aden Meinel also had innovative visions for larger tele- 
scopes. Meinel was born in 1922 in Pasadena, California. In 1940, 
while attending Pasadena Junior College, he met Marjorie Pettit and 
switched his major to match hers in astronomy. Marjorie’s father, Edi- 
son Pettit, was an astronomer at Mount Wilson. While they dated, 
Meinel assisted in the Caltech physics department and the Mount Wil- 
son Optical Shop. Here he learned firsthand about optical design 
from John Anderson, who was leading the effort to prepare the 200- 
inch’s mirror.? 

After America entered the war, Meinel and Pettit participated in 
Caltech’s rocket weaponry program. Working together became a pat- 
tern that they retained for the rest of their careers. In 1944, after 
marrying Marjorie, Meinel was assigned to Patton’s Third Army and 
helped inspect German V-2 facilities. After finishing his Ph.D. at Berke- 
ley in 1949, Meinel and his family took up residence at Yerkes, where 
he designed new instruments and researched auroral phenomena for 
the Air Force. 

At Yerkes, Meinel began to explore alternative designs for larger 
telescopes. He had just helped design what would become the Arecibo 
radio telescope, a 1000-foot wide instrument nestled in a bowl-shaped 
valley in Puerto Rico. He contemplated how to build its counterpart 
for optical astronomy. Imagining a telescope with a mirror as large as 
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500 inches across, Meinel made a model, shown in Figure 6, to help 
convey his idea. He based his design on a massive light-collecting sur- 
face composed of several hundred smaller mirrors. These would direct 
light to a secondary mirror assembly and instruments located above 
the bowl.* His goal was not so much a telescope with the best optical 
precision, but rather a giant “light bucket” to collect photons. 

In the spring of 1953, Meinel visited observatories in California to 
pitch his idea. Telescope engineers such as Bruce Rule at Palomar and 
William Baustian at Lick supported Meinel’s concept for a 500-inch 
telescope and thought it technically feasible, but he found astrono- 
mers unreceptive and even hostile. In Pasadena, Ira Bowen told 
Meinel there was no pressing need at that time for telescopes larger 
than the 200-inch. The director of Palomar questioned Meinel’s cost 
estimates, which varied from $10 million to as high as $50 million, as 
both too high and too vague. Meinel maintained the “psychological 


Figure 6. Home photo of Meinel’s 1953 design for the “X-inch” telescope. 
Picture courtesy of Aden and Marjorie Meinel. 
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factors” associated with building such a grand facility would help gen- 
erate support. Bowen countered that the astronomy community would 
be better off to wait a decade and develop a stronger case for the scien- 
tific problems a giant “X-inch” telescope might tackle. Disappointed, 
Meinel left California thinking that the astronomers’ belief that “big- 
ger telescopes are scientifically undesirable is as dangerous as rushing 
blindly into a larger telescope project.”° 

After returning to Yerkes, Meinel began to address more seriously 
the concerns that the California astronomers had raised. He assem- 
bled a notebook of sketches and calculations of the “X-inch” telescope 
and discussed them with Gerard Kuiper, an influential Dutch astrono- 
mer at Yerkes. Kuiper, in turn, prepared a confidential memoran- 
dum that supported the technical feasibility of Meinel’s design. Kuiper 
noted that a cautious approach to building bigger telescopes might be 
the “most economical way of doing science,” but it lacked boldness 
and missed the opportunities that came with “pushing the technical fa- 
cilities to the limit.” Nuclear physicists certainly had not taken the 
same cautious path, Kuiper said, as “no effort is spared to do the best 
this generation [of physicists] is capable of doing.” Building the “X- 
inch” telescope would probably mean that “principles of institutional 
and international cooperation [would] be incorporated into the proj- 
ect from the outset,” a fairly novel idea for the time. It was reasonable, 
Kuiper concluded, that astronomers not forego the “advantages of a 
really powerful telescope, provided that a very good case can be made 
for its construction.”6 

In late 1955, further plans for the “X-inch” telescope were put on 
hold when Robert McMath’s Advisory Panel asked Meinel to lead the 
site survey for what would become Kitt Peak National Observatory. In 
many ways, the young optics expert was the ideal person to carry out 
this task. The energetic Meinel threw himself headlong into ambitious 
projects. He was also skilled at finding novel solutions to technical 
problems, such as devising a simple yet elegant technique for automat- 
ically measuring the quality of possible telescope sites as he and Abt 
traveled throughout the Southwest.’ 

Meinel’s relationship with McMath and his panel was not always 
harmonious during the site survey for Kitt Peak, partly due to Meinel’s 
occasionally unfocused enthusiasm for the new project. Acting with- 
out authorization or funding, Meinel initiated contacts with powerful 


54 * GIANT TELESCOPES 


persons in Arizona, including the president of the University of Ari- 
zona and Senator Barry Goldwater. The more senior McMath and Leo 
Goldberg listened with growing impatience as Meinel told them how 
the national observatory should be bolder and more forward thinking 
in its plans.’ Incidents such as these angered McMath, who believed 
Meinel was acting rashly and unilaterally. Relations between the two 
men were not improved when McMath learned that Meinel’s father-in- 
law was Edison Pettit. The two men had had a falling-out years earlier 
when McMath had removed Pettit’s name from a paper they had co- 
authored.° 

Despite these difficulties, in December 1957, AURA’s board chose 
Meinel to be Kitt Peak’s first director. At that time, Kitt Peak was an ob- 
servatory without any major telescopes. Construction soon began on a 
36-inch telescope and the NSF approved funding for another with an 
80-inch mirror. Along with his new directorial duties, Meinel advo- 
cated an innovative design for the 80-inch telescope. Building on tech- 
niques that opticians had developed during the war to polish mirrors 
with steeper curves, Meinel designed a lightweight telescope with a 
very fast focal ratio. Fond of clever acronyms, he named his design MI- 
AMI, short for Minimum Inertia and Mass Instrument.!° When Meinel 
presented a model and watercolor sketch for this telescope to McMath 
and the other AURA officers, they praised its innovative features but 
decided the newly formed (and politically vulnerable) national obser- 
vatory could not risk building a telescope with an unproven design. 

Meinel still managed to incorporate some novel design features 
into the Kitt Peak 80-inch telescope. More traditional telescopes, like 
the Hale Telescope, use what is called a Cassegrain optical’ esign. A 
Cassegrain telescope has a primary mirror polished so its profile is a 
parabola. A convex secondary mirror, as shown in Figure 3, is at the 
telescope’s prime focus above the primary mirror. This reflects pho- 
tons back down through a small hole in the primary mirror where they 
are detected. Instead of a traditional Cassegrain telescope, Meinel 
based the Kitt Peak 80-inch on a modified optical design first devel- 
oped by George Ritchey and Henri Chrétien, a young French astrono- 
mer. Using mirrors with hyperbolic rather than parabolic curves, the 
Ritchey-Chrétien design gave a wider field of view free from the optical 
errors present in the superficially similar Cassegrain design. Meinel’s 
efforts made the 80-inch telescope more suitable for astro-photogra- 
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phy and inaugurated a period in which telescope engineers preferred 
the Ritchey-Chrétien design. 

In September 1964, when astronomers first began using the new 
telescope, built with a slightly larger 84-inch mirror, Aden Meinel was 
no longer Kitt Peak’s director. In 1960, the AURA Board learned that 
Meinel had exceeded his budget by a considerable amount. This was 
not a complete surprise because the NSF and AURA had complained 
about his management approach and fiscal control earlier. According 
to Abt, “Meinel was an idea person. This was good for science, but 
difficult for planning budgets.”!! AURA could not afford to give poten- 
tial opponents of the national observatory any reasons to criticize the 
fledgling institution, and it asked for his resignation two weeks after 
the national observatory was dedicated in March 1960. Later, Meinel 
admitted that he was “a little too aggressive,” noting that when Kitt 
Peak began operating as an observatory with national visibility “it 
called for a different type of director.”! 

AURA soon picked Nicholas U. Mayall, a well-respected stellar as- 
tronomer from Lick Observatory with no administrative experience, 
to be Kitt Peak’s new director. Meinel was named an Associate Director 
in Kitt Peak’s Stellar and Space Divisions, where he designed a precur- 
sor to the Hubble Space Telescope. Chafing after his rebuke from 
AURA, however, he resigned in August 1961. A few months later, the 
University of Arizona, located across the street from Kitt Peak’s offices, 
asked Meinel to chair its astronomy department. 

Arizona’s university administrators saw that Kitt Peak’s presence 
might benefit their school and they decided to give the astronomy de- 
partment greater support. They approved plans to expand its presence 
on campus, hired new staff, and discussed building a new telescope 
much larger than their old 36-inch reflector. This was the perfect envi- 
ronment for the enterprising Meinel. As Arizona’s astronomy depart- 
ment began expanding rapidly, he again postponed plans for the giant 
“X-inch” telescope. 

In 1964, when the first decadal survey was presented to the National 
Academy of Sciences, it noted that a giant “X-inch” telescope would 
probably cost at least $100 million and take 15 years or more to build. 
The report concluded that the astronomy community should instead 
give priority to “proven designs” between 150 and 200 inches in size. 
Delaying the decision to build anything bigger, the panel emphasized, 
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would not present astronomers with any “suddenly breached thresh- 
old analogous to . . . a particle accelerator since the cutoff of any large 
telescope is not a sudden one.”! 

Albert Whitford’s panel did recommend that, once three new 150- 
to 200-inch telescopes were underway, AURA assemble a group of as- 
tronomers and engineers to do design studies for “a telescope of the 
largest feasible size.” Whitford’s report suggested that a number of im- 
portant technical questions needed answers before astronomers could 
consider an “X-inch” telescope. For example, how could glass compa- 
nies make the primary mirror? Once built, how would the mirror be 
transported? Could large optical telescopes be based on the design of 
radio telescopes?' These were all crucial questions, and the panel sug- 
gested that federal agencies spend at least $1 million before 1968 to 
answer them. In spite of this recommendation, little real progress to- 
ward making bigger telescopes happened in this period. Instead, as- 
tronomers and engineers continued to plan new telescopes, with some 
modifications, on the venerable design of the 200-inch. 


Consolidation and Conservatism 


After the 200-inch was dedicated in 1948, astronomers built no larger 
telescopes for more than 25 years. For modern science, this was un- 
usual. High-energy physicists perpetually advocated bigger and more 
powerful accelerators, for example, while electron microscopes con- 
tinued to improve in versatility and resolving power. Why were the 
1960s largely a time of consolidation when astronomers and telescope 
engineers opted for only slight incremental modifications tothe 200- 
inch’s design? 

The successful completion of a large telescope project requires a 
happy confluence of community interest, technological capability, in- 
stitutional support, and financial resources. The right combination of 
these factors did not exist in the 1960s. Most of the older and influen- 
tial members of the astronomy community were, according to Meinel, 
conditioned by memories of the Great Depression and cautious in ac- 
cepting bolder designs.!5 As one astronomer-turned-telescope builder 
explained, “There is a mystique to building telescopes. You had to 


have a lot of balls to come along and say, ‘I can make one better than 
the 200-inch.’”!6 
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Funding realities also tempered the ambitions of astronomers: a 
telescope twice as large as the 200-inch could cost $100 million or 
more. Physicists could secure that level of funding—in 1961, Congress 
approved $114 million for Stanford’s new linear accelerator—by ap- 
pealing to fears about national security and the desire for interna- 
tional prestige. The NSF and astronomers simply did not have compa- 
rable resources. The Whitford panel’s report recommended spending 
only $224 million for a decade’s worth of research and facilities. 
Astronomers found the possibility of allocating half of this funding 
to a bigger telescope, especially one with a novel design, difficult to 
imagine. 

The rapidly improving performance and expanding possibilities of 
electronic detectors and other auxiliary tools shaped astronomers’ 
considerations as well. By the mid-1960s, observatories were reporting 
gains of a factor of ten over traditional photographic methods. This 
was equivalent to increasing the size of the primary mirror dramati- 
cally and at a fraction of the cost of a bigger telescope.'” Astronomers 
recognized that further gains in performance were possible and that 
building better detectors rather than bigger mirrors was more cost ef- 
fective. Even astronomers using well-designed but smaller telescopes, 
such as Kitt Peak’s 84-inch, could compete with the big mirrors at 
Palomar and Lick by using better electronic tools. 
| Change was also difficult because any new telescopes that astrono- 
mers designed would probably not be completed for at least fifteen 
years. Once built, an instrument would have to serve the science com- 
munity for several decades. Consequently, astronomers believed they 
should wait until they had a clearer sense of the improvements made 
possible by changes in instrument design and electronic detectors. To 
do otherwise might, as one observatory director warned, burden as- 
tronomers with telescopes whose designs were “out of date before they 
are completed.”!® 

Finally, astronomers during the 1950s and 1960s could point to irre- 
futable evidence that the data that had been collected with existing 
large telescopes had resulted in many seminal papers. In 1956, Milton 
Humason, Nicholas Mayall, and Allan Sandage published the results 
of a multiyear study.'? The authors pooled data collected at Lick and 
Palomar to present the first in a series of publications that explored 
the large-scale nature of the universe. Three years later, Jesse Green- 
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stein co-authored an influential paper on stellar abundances.” This re- 
search was enabled by generous Air Force funding and relied heavily 
on data collected by the 200-inch’s coudé spectrograph. To gather that 
data, Greenstein and his colleagues sometimes sat in the dark and ex- 
posed a photographic plate for twelve hours on a single object. 

Perhaps the most shocking result came in 1963 when Greenstein 
and Maarten Schmidt, another Caltech astronomer, reported their ob- 
servations of two quasi-stellar radio sources (now called quasars), in- 
nocuously named 3C48 and 3C273.?! While radio and optical astrono- 
mers had previously observed the two objects, Greenstein and Schmidt 
were the first to ascertain their cosmological significance. After rein- 
terpreting the overexposed spectra Schmidt took at the 200-inch’s 
prime focus, the two astronomers realized that the position of the 
spectral lines implied that 3C48 was “redshifted” by 37 percent. This 
placed it more than five billion light years from earth, making it one of 
the most distant objects ever observed. The discovery put Maarten 
Schmidt on the cover of Time magazine and revealed a universe far 
stranger and more violent than astronomers had suspected. It was 
clear that the limits of existing telescopes’ light-gathering ability did 
not yet pose a barrier to new scientific discoveries. 

When he retired as director of Palomar, the American Astronomical 
Society honored Ira Bowen by asking him to give its Henry Norris 
Russell Lecture, the society’s award for lifetime achievement. Bowen’s 
1964 address—simply called “Telescopes”—exemplified the cautious 
approach astronomers took toward larger telescopes and new de 
signs.” Bowen’s talk discussed the optimal design for large telescopes 
and reflected an increased interest among astronomers in quantifying 
the performance of their telescopes and instruments.23 The design cri- 
teria Bowen advocated became the basis of a whole generation of tele- 
scopes planned during the 1960s and early 1970s.24 

Speaking to hundreds of astronomers gathered in Flagstaff, Bowen 
noted that there essentially was no limit to how faint an object could 
be recorded by a telescope because this could be extended indefinitely 
by observing for longer times. But the interest in space exploration, 
the growing number of astronomers and physicists, and the overall 
“postwar upsurgence of all science,” Bowen said, had seriously strained 
observatories’ ability to provide telescope time. Bowen’s lecture chal- 
lenged “the concept that the best answer to all of our problems is the 
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construction of bigger and bigger instruments” and suggested that 
astronomers instead pursue other alternatives for the immediate fu- 
ture.*° In the face of uncertainty about the future performance of elec- 
tronic detectors and the time required to improve them, the real ques- 
tion, according to Bowen, was whether the community should build 
“one huge telescope . . . or a number of identical smaller telescopes” 
with the equivalent light-collecting power. 

Astronomers adopted this more conservative path in their plans for 
new telescopes. For example, in the mid-1960s, the Carnegie Institution 
of Washington considered building what was basically a copy of the 
Hale Telescope, then almost two decades old in the southern hemi- 
sphere. The proposal for the telescope rhetorically asked why “a 200- 
inch telescope . . . rather than a large instrument of about 400-inch ap- 
erture?” The answer was that, while most astronomers believed that a 
larger facility should be built, “the time for it has not yet come.” In 
the mid-1960s, about half a dozen groups were seriously pursuing 
plans to build telescopes with mirrors ranging from 3 to 4 meters. All 
of the designs were heavily based on the Palomar paradigm—tradi- 
tional dome enclosures, equatorial mountings, relatively conservative 
focal ratios, and mirrors made from single massive pieces of glass. 

One notable exception was a design Soviet astronomers and engi- 
neers adopted for a 6-meter telescope, a project begun in 1960 and fin- 
ished in 1976. Instead of a conventional equatorial mounting, Soviet 
engineers designed their telescope with an altitude-azimuth (alt-az) 
mount. As a result, the telescope’s engineers did not have to design 
around the tilted polar axis of the traditional equatorially mounted 
telescope. Instead, one axis was horizontal and the other was vertical, 
each driven simultaneously like the guns in an anti-aircraft mount. Im- 
proved computer systems controlled the telescope’s movement with 
the necessary accuracy. The Soviet 6-meter project was the first to 
break away from a standard telescope mounting. Large mirror and in- 
novative mount notwithstanding, in all other aspects, the overall tele- 
scope design was still relatively conservative.”’ 

In 1965, less than a year after Bowen’s talk, engineers and scientists 
met to discuss telescope design at a symposium sponsored by the In- 
ternational Astronomical Union.®* Engineers and astronomers heard 
talks at the week-long meeting and visited Kitt Peak, Lick, and Palomar 
accompanied by representatives from firms such as Westinghouse 
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Electric and Corning Glass. The number of engineers and astrono- 
mers actively involved in designing and building telescopes was fairly 
small; only about 70 names appear on this meeting’s roster. Bruce H. 
Rule was probably the most prominent telescope engineer present. Af- 
ter graduating from Caltech in 1932, Rule became the chief engineer 
of the 200-inch project. In the early 1960s, Rule served on Whitford’s 
astronomy survey committee, an unusual appointment for a nonsci- 
entist. Throughout the 1960s and 1970s, Rule remained at Caltech 
and worked on several major telescope projects while helping train an 
entire generation of telescope designers.”° 

Most members of the telescope design community migrated from 
finished projects to new ones underway, making the community some- 
what insular. Members of the telescope-building community were not 
explicitly trained in telescope design as no university offered degrees 
in this esoteric subject. Instead, observatories hired mechanical or 
electrical engineers who worked with older, more experienced staff to 
learn the craft skills and quirks involved in building telescopes. For 
example, after working with Bruce Rule, William Baustian was hired 
by Lick Observatory in 1946 as the designer and chief engineer for 
their 120-inch telescope project. Baustian worked on the telescope un- 
til 1957 when Aden Meinel lured him to Kitt Peak. There, Baustian 
trained Larry K. Randall, a recently graduated mechanical engineer 
from the University of Arizona. Randall went on to master the techni- 
cal details of telescope engineering on Kitt Peak’s 4meter telescope 
project and would later apply his skills to the Gemini telescopes. 

The 1965 meeting offered scientists and engineers their fipst formal 
chance to evaluate the state of telescope building since thé” comple- 
tion of the large telescopes at Palomar and Lick. Bowen’s opening 
address explained that the conference’s goals were to evaluate conven- 
tional wisdom about large telescope design and start dialogues among 
astronomers, engineers, and industry about where to go next. Reiter- 
ating his belief that it was too costly to build larger telescopes, Bowen 
emphasized improved efficiency and performance through better 
instrumentation. Almost all of the meeting’s talks described how 
projects already underway were dealing with design and construction 
challenges, making the meeting more of a consolidation of existing 
knowledge rather than an exploration of new ideas. When it came to 
thinking about the telescope itself, most of the meeting’s participants 
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took a reductionist view. There were separate sessions discussing mir- 
rors, domes, drive systems, and so forth, and only hints of the inte- 
grated systems engineering and total project management approach 
that astronomers and engineers would adopt for building giant tele- 
scopes in the 1980s and 1990s. 


Breaking the Rules 


By 1963, Aden Meinel was in a propitious position as both the chair of 
the University of Arizona’s astronomy department and the director of 
its Steward Observatory. A few years earlier the university had lured 
Gerard Kuiper to Tucson. Kuiper and his associates formed the nu- 
cleus of what became Arizona’s Lunar and Planetary Laboratory. 
Meinel and Kuiper coordinated their efforts and the lab soon had over 
$1 million in funding and a new building, courtesy of NASA. Kuiper’s 
lab parlayed these resources into several modest-sized, new telescopes 
in mountains north of Tucson in preparation for NASA’s upcoming lu- 
nar missions. 

Meinel’s astronomy department expanded under his direction. In 
1965, the NSF gave Steward Observatory $1.4 million for a new 2.3- 
meter telescope to be built next to the national telescopes on Kitt 
Peak. In February 1964, Meinel met with a representative from the Ad- 
vanced Research Projects Agency, the Defense Department’s research 
division. Noting the rapid growth of Kitt Peak National Observatory, 
ARPA asked why the university wasn’t more involved in the field of op- 
tics and hinted at possible funding for such a program. By April 1964, 
Meinel had the first installment of funding for an exploratory three- 
year program in optical sciences.” 

Meinel decided to devote his energy full-time to building what be- 
came the university’s Optical Sciences Center. In 1967, this center re- 
ceived additional money from the Air Force as part of an effort to fund 
nonclassified research at universities. Additional state and corporate 
sponsorship contributed to its growth, and it soon had over two dozen 
faculty associated with it.*! 

By 1970, the University of Arizona possessed a vigorous research 
program spanning several related fields: astronomy, planetary science, 
and optical science and engineering. Federal money flowed freely, 
which enabled the construction of new campus facilities. The location 
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of Kitt Peak’s headquarters in Tucson and the construction of the 
national 4-meter telescope nearby was another strong magnet. The 
synergy between these different institutions and areas of research at- 
tracted several bright and ambitious young scientists. 

One of the people drawn to Tucson in the 1960s was Frank J. Low. 
As a graduate student at what was then called Rice Institute in Hous- 
ton, Low did research on low-temperature physics and became pro- 
ficient at building complex experimental apparatus.** After graduat- 
ing, Low went to work for Texas Instruments where he researched the 
behavior of semi-conducting materials at low temperatures. Low be- 
gan to investigate whether germanium kept at cryogenic temperatures 
could be used as a bolometer, an exquisitely sensitive energy-measur- 
ing device. When light struck Low’s bolometer, the electrical conduc- 
tivity of the germanium changed in a predictable fashion that he could 
measure and correlate to the incident radiation’s energy. He also 
applied his instrument-building skills to the construction of dewars 
suited to the rigors of nightly use at a telescope. These were insulated 
flasks, much like thermos bottles, which contained the liquefied he- 
lium that kept Low’s bolometers sufficiently cold. In November 1961, 
Low described his invention in a brief paper and remarked, almost as 
an aside, that it was now possible to build detectors comparable in sen- 
sitivity to photomultiplier tubes and radio receivers that could work in 
all regions of the infrared. 

This was exciting news for astronomers looking for better ways to 
measure the infrared energy emitted by stars and galaxies. For years, 
astronomers had used lead-sulphide cells as infrared detectoys..Often 
obtained as military surplus, these worked only over a limit€éd range 
of wavelengths. Some astronomers began using Low’s germanium 
bolometers for infrared measurements at increasingly longer wave- 
lengths. The results were exciting. They found, for example, that inter- 
stellar dust played an important role in the extinction and reddening 
of stellar light. Astronomers were also electrified by news that Caltech 
astronomers had observed many stars that emitted far more energy in 
the infrared than they did in the visible. That sources of energy could 
exist that were so bright in the infrared, yet were invisible or almost in- 
visible to the traditional optical astronomer, suggested many new dis- 
coveries to come. 


Because of findings such as these, infrared astronomy became in- 
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creasingly important. Gradually, the sharp distinctions between the op- 
tical and infrared regions disappeared, and more optical astronomers 
began to pay attention to the neighboring infrared wavelengths. By 
the late 1960s, infrared astronomy was a burgeoning field driven by 
the appearance of specially designed telescopes, new detectors, mili- 
tary interest, and growing competition between researchers at places 
such as the University of Arizona, Cornell, and Caltech. 

Low joined the migration of physicists into astronomy. In 1965, after 
spending a few years at the national radio observatory in West Vir- 
ginia, he took a faculty position at the University of Arizona where he 
began to make infrared observations with moderate-sized telescopes. 
For infrared astronomers, conventional telescopes like the 200-inch 
emitted excessive background thermal radiation. As a result, the tele- 
scope itself produced enough thermal noise to swamp the signal from 
the object of interest. The night sky itself was also a large source of un- 
desirable background noise. To overcome these extraneous sources, 
astronomers such as Low designed infrared telescopes that produced 
less background noise. They also developed new ways of using tele- 
scopes. Rapidly wobbling a small secondary mirror back and forth, for 
example, offered astronomers a way to switch between observing a star 
and a patch of blank sky. Astronomers then electronically subtracted 
the sky’s signal to get the data they wanted. 

In 1967, after noticing that smaller telescopes frequently outper- 
formed larger conventionally designed telescopes for infrared work, 
Low began to consider the possibility of using several small telescopes, 
each designed for infrared observing, and combining their light at a 
common focus. When he presented this idea to Aden Meinel, he found 
a receptive listener. 

During the 1960s, Meinel had also considered this idea when he ad- 
vised the military and the CIA in the design of their classified satellite 
reconnaissance systems. He recalled a meeting at the Pentagon where 
people were “sitting around, blue-skying about what we could do with 
mirrors,” and he suggested it might be possible to make a big tele- 
scope by linking several smaller ones.34 In 1967, Meinel attended a 
summer seminar at Woods Hole on synthetic aperture optics con- 
vened at the request of the Air Force. Representatives from industry, 
academia,.and the military presented both classified and unclassified 
material at the month-long workshop.* Afterwards, Meinel built a 
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small model of what he called Project COLT because its arrangement 
of six mirrors looked like the pistol’s cylinder. 

For years, radio astronomers had employed aperture synthesis, 
whereby several smaller antennae simulated a single large radio dish, 
to get better resolution. The optics community working on classified 
projects was interested in extending this technique to optical wave- 
lengths—a considerable challenge because the wavelengths of visible 
light are shorter by a factor of a million than those of radio waves. 
Meinel’s idea attracted the attention of the Air Force. He soon ob- 
tained several surplus mirrors from a secret spy satellite program, each 
1.8 meters in diameter and with identical focal lengths. They featured 
an internal cross-ribbed structure that separated and supported fused 
silica face and back sheets (much like Ritchey’s earlier plans for cellu- 
lar mirrors). The final products weighed only one-third as much as 
solid mirrors, a desirable feature because their original purpose was to 
be launched into orbit. 

Low discussed the possibility of combining several smaller tele- 
scopes into a single facility with prominent astronomers and funding 
representatives. His recent research showing that a number of galaxies 
emitted far more energy in the infrared than expected helped secure 
their attention. Meanwhile, Meinel investigated how to design a tele- 
scope that could combine light collected by several separate mirrors. 
He was not interested simply in building what astronomers pejoratively 
called a “light bucket,” an instrument that just collected lots of pho- 
tons. Instead, he envisioned a telescope that would superimpose the 
images from six mirrors to replicate the light-collecting ability and res- 
olution of a much larger single mirror. To do this, light from @ach mir- 
ror would have to be carefully combined at a common focus so all six 
images could be accurately stacked on top of one another. In the 
spring of 1970, Meinel wrote a paper describing how this might be 
done.*® 

At the same time, scientists and engineers at the Smithsonian Astro- 
physical Observatory (SAO) in Cambridge were also preoccupied with 
finding an affordable way to build a bigger and better telescope. Fred 
L. Whipple, SAO’s director, was not pleased that his institution lacked 
a “real observatory.”” As a remedy, SAO built a few small telescopes on 
a ridge near Mount Hopkins, an 8,500-foot peak south of Tucson 
within sight of Kitt Peak. Whipple and the SAO staff reserved Mount 
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Hopkins’ summit for a future large telescope, although they had no 
design in mind or funding in hand. SAO first considered building a 
telescope with a segmented primary mirror similar to the one Meinel 
proposed for the “X-inch” project in 1953, a concept that SAO staff ex- 
plored with few tangible results.* 

Through conversations with Gerard Kuiper, Whipple learned of the 
designs Meinel and Low had proposed. In February 1970, as Meinel, 
Kuiper, and Low were wondering how to get funding, Meinel received 
a telephone call from Whipple. “I said, ‘Fred, I’ve got the mirrors 
here,’” Meinel recalled, “and he said, ‘Well, I think I can get the 
money.’ It just flowed together beautifully.”°° Meinel and Low dis- 
cussed the idea in more detail with Whipple and other SAO staff over 
the summer and, in November 1970, SAO presented Congress with a 
proposal wisely titled “A Large Astronomical Telescope at Low Cost.”* 

In the 1960s, astronomers estimated that the cost of a new telescope 
was proportional to at least the size of its primary mirror squared or 
even cubed. This meant that doubling the primary mirror’s size would 
increase costs up to eightfold. In the early 1970s, astronomers esti- 
mated that a large telescope built using the 200-inch’s design, the stan- 
dard metric of the time, would cost about $25 million.*! Meinel and 
Whipple were proposing to construct one of comparable light-collect- 
ing power for a fraction of the price. 

- Whipple and top-level Smithsonian administrators gave presenta- 
tions on Capitol Hill concerning the new telescope. Their statements 
to Congress argued the multiple-mirror approach would “pave the way 
for the scientific community to build even larger, more powerful tele- 
scopes” more cheaply than conventional telescopes. Failure to provide 
support would sacrifice the opportunity to “convert an experiment 
in technology into a powerful operational scientific instrument.”” As 
Congress considered SAO’s bold request, Ray J. Weymann, the new di- 
rector of the Steward Observatory at the University of Arizona, success- 
fully lobbied Arizona politicians to endorse the project. By July 1971, 
Congress approved the first installment of SAO’s request for $1.5 mil- 
lion, half of the project’s estimated cost. Five months later, SAO signed 
an agreement with the University of Arizona to build the Multiple Mir- 
ror Telescope (MMT). 

As scientists and engineers explored optical and mechanical de- 
signs, they were guided by two goals. According to Nathaniel Carleton, 
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SAO’s project scientist for the MMT, one was to produce a high-quality 
telescope at a reasonable cost. Carleton and his colleagues also wanted 
to “shake up the community by showing them that there were other 
ways to do things.” Their final design became both a working re- 
search tool and a test bed for new telescope technologies.” 

The mirror blanks that Meinel received as Air Force surplus were 
the key components of the MMT. Six 1.8 meter mirrors, arranged to- 
gether in a hexagonal pattern on a common mount, had the light- 
collecting power of a 4.5-meter telescope. Each primary mirror had 
its Own secondary mirror, creating, in effect, six separate telescopes. 
Some astronomers joked the project should really be named the Mullti- 
ple-Telescope Telescope. Photons, after striking the primary and sec- 
ondary mirrors, were reflected to a beam-combiner that brought light 
from all the mirrors to a common point. 

Building on Meinel’s extensive experience with advanced optical 
systems, project engineers designed a complex system of lasers, elec- 
tro-mechanical servos, and optical sensors coupled with closed-loop 
computer control to align the MMT’s images. The optics system that 
combined the images from the six primary mirrors depended on auto- 
matic computer sensing and control. Three different electronic sys- 
tems, linked together, controlled the movement of the telescope, the 
co-alignment of the mirrors, and its scientific instruments. Computers 
were essential to the most basic functions of the MMT, and engineers 
went so far as to describe the telescope itself as a “large and unique pe- 
ripheral device” for a computer system.‘ 

From the outset, Carleton and other project staff paid close atten- 
tion to the integration of control and data collection systet of the 
telescope. Unlike some conventional telescopes, the MMT had no ob- 
server cage where the astronomer could ride and guide the telescope 
while collecting data. The MMT’s designers envisioned that astrono- 
mers would operate the telescope remotely from a control room and 
move the telescope using a television system while monitoring the out- 
put of data on a computer display.‘ 

The telescope’s location atop the summit of Mount Hopkins forced 
the telescope’s designers to “think small.” A narrow rising isthmus of 
land connects the small and exposed summit with the lower ridge and 
the sides of the mountain fall precipitously away from the telescope 
site. Partly as a result of space limitations, Arizona and SAO staff opted 
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for amore compact alt-az mount for the telescope’s six mirrors instead 
of the traditional equatorial arrangement. While this design required 
a more sophisticated system to track objects in the night sky, computer 
systems were available by that time to make it feasible. According to 
the project’s chief engineer, Thomas Hoffman, big telescopes were 
like “large precise machine tools” that could be accurately controlled 
by a variety of techniques. As Hoffman and other project members 
conceptualized the MMT, they were inspired by large radio telescopes 
whose designs successfully incorporated the advantages of the alt-az 
mount.* 

Perhaps the most striking difference in the MMT’s appearance was 
its enclosure. Rather than adopting the classic lines of a telescope 
dome, Carleton and Hoffman advocated an unglamorous but inex- 
pensive rectangular building that looked more like a barn. The nov- 
elty continued. When faced with the difficulty of enclosing a moving 
telescope on a‘small plot of land while still providing space for a con- 
trol room and laboratories, project engineers solved the problem by 
rotating the telescope simultaneously with the closely fitting building. 
Therefore, while the telescope tracked objects at night, the entire 450- 
ton building moved with it. Years later, this feature caused an unusual 
insurance claim when the moving building struck a parked car. 

Any one of the MMT’s features—multiple, lightweight mirrors, the 
alt-az mount, the box-like building, the extensive incorporation of sys- 
tems engineering and environmental control—broke from the tradi- 
tional Palomar paradigm of telescope building. Combined, they made 
the MMT, shown in Figure 7, a singularly bold departure in telescope 
design. This break in tradition brought criticism from some in the as- 
tronomy community. Some astronomers were nervous about taking so 
many new design directions at once. Many questioned the wisdom of 
enclosing the telescope in what looked like an oversized shed and 
wondered whether light from several mirrors could be accurately com- 
bined. 

Funding the MMT’s novel design was more difficult than solving its 
technical challenges. By 1975, the project’s cost had risen to almost 
$7 million, far above the $3 million that Whipple and Meinel first 
thought adequate. Meinel’s hopes for military support never material- 
ized and the NSF was reluctant to provide funding. Astronomers also 
questioned whether the MMT’s unconventional design would affect its 
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Figure 7. The Multiple Mirror Telescope on Mount Hopkins in southern 
Arizona in its original configuration. Note its six 1.8-meter mirrors and 
barn-like enclosure on a rotating platform. Image by H. Lester, MMT 
Observatory. Used with permission. 


research potential.“ Originally, scientists like Frank Low saw the MMT 
as a tool to collect infrared radiation for photometry or spectroscopy 
of individual faint objects such as quasars.®° Astronomers didnt design 
the MMT with direct imaging or photography in mind. In fact, its 
novel optical system gave it a small field of view compared to general- 
purpose telescopes such as the 200-inch or the Kitt Peak 4-meter. As its 
design and construction progressed, however, project staff expanded 
their vision of the telescope beyond its primary goal of doing infrared 
astronomy.®! 

Although some in the astronomy community continued to harbor 
doubts about the multiple-mirror concept, the MMT integrated sev- 
eral innovative features into a facility that was part research instrument 
and part technological experiment. Astronomers began to imagine 
that the MMT concept might lead the way to even larger telescopes.°2 
For astronomers contemplating building large telescopes, the MMT 
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showed that the traditional cost-size relationship for telescopes could 
be broken. In 1979, when the MMT was dedicated, SAO and Arizona 
astronomers triumphantly claimed they had built it for less than half 
the cost of a conventional telescope and compared its charmed life to 
a small child who wanders into a dangerous neighborhood and “later 
walks out of it, miraculously unharmed.” 


Technology Supplants Artistry 


While scientists at the SAO and University of Arizona were engrossed 
in building the MMT, other members of the astronomy community 
grappled with uncertainty about their discipline’s future. Their unease 
was partly associated with the rapidly changing technology of astron- 
omy and the resulting changes in practice. Not all of the technological 
evolution took place at large observatories such as Palomar, Lick, or 
Kitt Peak. An electronic detector 25 times more efficient than a photo- 
graphic plate could make an ordinary 40-inch telescope equivalent, in 
some ways, to a 200-inch telescope, encouraging astronomers at almost 
all institutions to improve their auxiliary equipment. As engineers and 
astronomers introduced new electronic tools into the observatory, as- 
tronomers had increasingly vocal discussions about how these innova- 
tions might alter the nighttime traditions of astronomy. 

Planning a long-term policy for astronomy also raised critical issues 
about the future of the telescope as a research tool. As detectors con- 
tinued to improve, scientists wondered whether there was any reason 
to advocate more large telescopes. Astronomers and engineers pon- 
dering these questions were caught in the tension between past tech- 
nological experiences, current and future technological expectations, 
future research needs, and political and funding realities. In 1971, 
Lick astronomer George Herbig remarked that, when considering the 
next generation of telescopes, “one should try to profit from past ex- 
periences.” But, Herbig continued, “let us not hold too conservative a 
philosophy and be accused . . . of always planning to wage the next war 
with the weapons that won the last.” 

The design of the MMT was at the forefront of telescope innovation, 
but most astronomers were not affected directly by it. Instead, they re- 
mained busy observing with conventional telescopes and developing 
new electronic gadgets to improve their performance and efficiency. 


70 + GIANT TELESCOPES 


In the process, astronomers’ interactions with their telescopes contin- 
ued to evolve. 

Like the soul-searching debates astronomers had in the 1950s about 
the role of federal funding, discussions about new ways to use tele- 
scopes were largely about control. Some scientists wondered whether 
the craft of traditional observing would vanish, claiming that “technol- 
ogy [was] supplanting artistry.”*> Astronomers faced questions that 
went beyond technical issues as they experimented with a bewildering 
variety of electronic and computer systems: How would astronomers 
use telescopes in the future? Would individual talent and skill at the 
telescope still be relevant? Where would the astronomer fit into the 
observatory of the future? 

One cause of astronomers’ apprehension was the rapid appearance 
of computers in the observatory. In the 1950s, astronomers began us- 
ing computers for routine tasks such as data reduction. These large 
and costly machines were centrally located on university campuses. 
With the introduction of minicomputers in the mid-1960s, modern 
observatories could install powerful, yet relatively, inexpensive com- 
puters that astronomers could link to other electronic equipment or 
even to the telescope itself. As this trend continued, observatories 
were obliged to hire scientists and engineers with the skills to make the 
new devices work. 

Edwin W. Dennison was one such person. After getting his Ph.D. in 
astronomy from Leo Goldberg’s department at Michigan, Dennison 
did solar physics research for several years in New Mexico. In 1963, he 
was hired as a researcher at Caltech. He soon turned his attention to- 
ward the development of electronic systems for telescopes.’ 1966, 
Dennison directed what came to be called the Astro-Electronics Labo- 
ratory at Palomar. By 1969, when the Mount Wilson and Palomar 
Observatories officially changed its name to the Hale Observatories, 
Dennison’s laboratory employed a dozen people. One of the lab’s 
main projects was adapting minicomputers for direct use at the tele- 
scope.*® Dennison’s devices found a welcome reception at Palomar, 
and by 1970, astronomers at the 200-inch used a digital data-recording 
system on one out of every three observing runs.°7 

The degree to which technological enthusiasts believed that mod- 
ern electronic instruments could change astronomers’ nightly work is 
reflected in a 1971 article Dennison published in Science. It outlined 
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two “philosophical principles” that guided his lab’s efforts: to enable 
the astronomer to make observations that would otherwise be difficult 
or impossible and to improve the “operating efficiency of the instru- 
ments. ”°8 

Besides describing the computer and electronic systems at the Hale 
Observatories, the article offered an overall philosophy that guided 
the development of electronic instrumentation. Dennison, while rec- 
ognizing that no machine could have “the flexibility or ingenuity of 
the experienced observer,” expressed concern that a fatigued and un- 
comfortable astronomer could accidentally cause mistakes during the 
night, wasting increasingly valuable observing time. As a result, all tele- 
scope and electronic controls should be as simple as possible. Only 
those the observer would need during the night should be available. 
The observer, according to Dennison, should be free to monitor the 
data as it was collected in order to “eliminate the feeling that he is be- 
ing manipulated by the dictates of the equipment.” But, to avoid sys- 
tematic errors, the observer “must never be a link in the data-collec- 
tion chain.” 

Besides computing systems, a new and much more complex instru- 
ment for the 200-inch was also undergoing development at Palomar in 
the late 1960s. A multichannel spectrometer, designed and built by 
Bev Oke and funded by a grant from ARPA, used 32 photomultiplier 
tubes to cover the visible spectrum from the blue all the way to the 
near-infrared. This device, as well as other new instruments, was de- 
signed for use at the telescope’s Cassegrain focus, located under the 
primary mirror. Unlike the prime focus cage located high above the 
primary mirror, the Cassegrain focus was easily accessible to astrono- 
mers and technicians. This was an important advantage for engineers 
when they were installing and debugging more complex instruments, 
which might weigh several hundred pounds. Oke’s new spectrograph 
automatically subtracted background signals from the night sky and, 
when linked with a minicomputer system developed by Dennison’s 
lab, transmitted information collected by the 200-inch directly to a 
data room. Meanwhile, the astronomer sat at the Cassegrain focus in a 
specially designed observing platform that resembled a barber’s chair 
and monitored the process.” 

When astronomers used the multichannel spectrometer, they still 
had to ride with the telescope for extended periods of time while keep- 
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ing their eyes adapted to the dark.® Astronomers and electrical en- 
gineers had systems in mind, though, that would completely remove 
the astronomer from the telescope. Television-based guiding systems 
brought astronomers in from cold observing cages to warm, well-lit 
data rooms while enabling them to track faint objects they could not 
normally see. The electrical output of these sensitive, yet bulky, systems 
was displayed in a separate control room and could also be used to 
control the telescope automatically. 

As they built new electronic systems, Dennison and other scientists 
were guided by their desire to improve the efficiency of telescope use 
and to ensure a more productive and comfortable data collection pro- 
cess. Not all astronomers were at ease with the new technology. At a 
conference on telescopes, Dennison gave a paper in which he showed 
a block diagram of the Hale Observatories computing system. On one 
side of the drawing, set apart from boxes labeled “teletype” and “16K 
core memory,” was an icon identified simply as “telescope.” After Den- 
nison’s talk, one astronomer remarked that he was afraid scientists 
“would end up with a telescope that is a big computer with a large opti- 
cal analog-input at its periphery.”®! 

As computer equipment became more common in astronomy, as- 
tronomers recognized its potential to affect other areas of science 
practice besides data collection. For example, in 1966, astronomers at 
Northwestern University published a paper that described the use of a 
computerized information retrieval system that could provide answers 
to technical inquiries.® By processing up to eight questions a minute, 
the system analyzed queries posed in English about stellar astronomy, 
searched a star catalog, and provided numerical answers. yy 

In 1971, the European Southern Observatory (ESO) and C =RN , the 
European Organization for Nuclear Research that operated large par- 
ticle accelerators, jointly organized a meeting in Geneva about large 
telescopes. This was a logical partnership; ESO’s Telescope Project Di- 
vision was based at CERN from 1969 to 1975 and hoped to benefit 
from CERN’s experience in building large-scale tools for science. At 
the meeting’s opening, the directors of both organizations predicted 
that optical astronomy would profit from the knowledge CERN had 
with complex instruments, electronics, and automation. 

Astronomers listened as speakers explained how computers could 
automatically control telescopes. The scientists were aware of experi- 
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ments in which telescopes were remotely operated from miles away. 
Three years earlier, scientists using punched paper tape and a com- 
puter in Tucson had remotely collected data with a small telescope on 
Kitt Peak for several nights. Not all astronomers were sanguine about 
such technological feats. Some experienced observers still preferred 
“manual controls, manual guiding, and fairly extensive human interac- 
tion with the instruments.”° 

Looking beyond the use of the telescope to its design, engineers 
described how computers were assisting with the elementary engineer- 
ing analyses for several new 4-meter telescope projects. Previously, 
computer-aided design and analysis programs had not been widely 
used, and telescope design had been as much art as science. One tele- 
scope engineer recalled, “As a mechanical engineer, you did the best 
you could. You analyzed the stresses and deflections and when you 
were done, multiplied by three. All the telescopes built up through 
about 1975 were, generally speaking, engineered by eyeball.”* Accord- 
ing to another engineer, “People drew pictures of the whole telescope 
and then started drawing parts. You couldn’t quantify the design and 
the best thing was never to step too far away from what had been 
done before.”® By separating the telescope into different “analytical 
segments,” computer-assisted modeling enabled efficient modeling 
of the mechanical behavior of telescopes before construction. This 
prompted one person at the 1971 conference to ask, “Now we have got 
rid of the observer, do we get rid of the engineer too by putting every- 
thing into a computer?”® 

Talks presented at the 1971 ESO-CERN meeting suggested that the 
astronomer’s traditional techniques for collecting data alone in the 
prime focus cage were changing. David Crawford from Kitt Peak, for 
example, described AURA’s two 4meter telescopes under construc- 
tion in Arizona and Chile at a cost of $10 million each. Both instru- 
ments “adopted many of the design features of the 200-inch and 120- 
inch” telescopes. But, when it came to how astronomers anticipated us- 
ing the telescopes, Crawford emphasized the Cassegrain rather than 
the prime focus station.®” 

George Herbig, an astronomer at the 1971 meeting, went even 
further and asked, “Why is it necessary for the observer to be at the 
prime focus or at the Cassegrain focus at all?”8 While this location 
might be traditional, was this still “an acceptable way for a scientist to 


74 + GIANT TELESCOPES 


perform his science”? Referring to innovative new instruments and 
electronics developed at Lick and elsewhere, Herbig made a case for 
complete remote control and TV monitoring of telescope operations. 
Acknowledging that these systems were not cheap, Herbig reasoned 
that well-trained astronomers were also an “expensive instrumental in- 
vestment,” making any system that promised greater comfort and ef- 
ficiency worth considering. 

Three years later, ESO and CERN organized a follow-up conference 
to explore how scientists should use large telescopes. An entire morn- 
ing session was devoted to the philosophy of telescope use. Speak- 
ers such as Jesse Greenstein assured the large international gathering 
that the telescope was still their “central research tool.” Nonetheless, 
Greenstein told colleagues that, while he was impressed and com- 
forted by the extraordinary gains in data-gathering ability afforded by 
new electronic devices, they often caused him to “return from observ- 
ing in a state of personal rage.” 

Greenstein and some of the other astronomers were not consoled 
when they heard Geoffrey Burbidge’s typically provocative talk on the 
last day of the conference. Burbidge began by referring to the tradi- 
tional “star system” of astronomy whereby most of the important 
discoveries were made by talented individuals working alone. While 
recognizing the talents of people such as Edwin Hubble and Walter 
Baade as first-class observational astronomers, Burbidge said that much 
of astronomy’s progress had resulted from access to the best and big- 
gest telescopes—as he put it, “the telescope frequently made the man.”? 

Burbidge argued that “there was no political justification for a policy 
of exclusiveness” in an era when many new telescope projects were 
financed to some degree by the public. Astronomy, Papidudene 
was rapidly moving to an era of team research, and for many projects, 
“individual research with a large telescope is going out very fast.”7! At 
Lick Observatory, Burbidge noted, collecting data with a new and so- 
phisticated image-tube scanner required the coordinated effort of a 
half-dozen or more astronomers, electronic engineers, and techni- 
cians. Besides advocating more competitive team-based research in the 
style of experimental physics and radio astronomy, Burbidge opined 
how future telescopes should be managed. Many optical astronomers, 
Burbidge conceded, would prefer a “peaceful life with their own ob- 
serving time assured” rather than competition and teamwork. Astron- 
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omy’s future, however, required that major national and international 
facilities be used in some sort of democratic fashion with “talent, imag- 
ination, and creative ability being the ultimate deciding factor when it 
comes to observing time.”” 

After Burbidge’s talk, Adriaan Blaauw, ESO’s director, chaired a 
lively panel discussion that reflected the state of unease and transition 
in the astronomy community. Broadly speaking, the astronomers who 
spoke that spring morning in Geneva reflected two different visions 
for the future of large telescope use. Harry van der Laan was one of 
the scientists at the meeting familiar with both radio and optical tele- 
scopes. The Dutch astronomer, later ESO’s director, commented on 
the new skills astronomers might need. Eventually, he noted, only a 
few astronomers would be “familiar with the whole complex system” as 
telescopes increasingly relied on computers and other electronic de- 
vices. Van der Laan suggested that it might be better, as in radio as- 
tronomy, if the astronomer “doesn’t go near the [observatory] . . . he 
communicates by telephone and telex and gets his data back.” Of 
course there would be exceptional cases in which interaction between 
the astronomer and the observatory staff might be necessary, but “big 
modern optical telescopes are evolving . . . where it should be mostly a 
hands-off policy as far as the using astronomer is concerned.” 

Another ESO astronomer, Jaap Tinbergen, made even more pointed 
remarks, saying that optical astronomers were “just too conservative, 
and too lazy in some cases, to try it any other way.” He then proceeded 
to tell a story about a neophyte astronomer who wasted a night’s worth 
of observing because he had not properly aligned his target on the 
spectrograph’s slit. “Now that wouldn’t have happened,” Tinbergen 
concluded, “if he had allowed his spectra to be taken by an assistant.””* 

These comments elicited sharp responses from many at the meet- 
ing. Peter A. Strittmatter, from the University of Arizona, argued that 
having “an expert on the machine is going to be absolutely essential” 
as astronomers bring new instruments into service. In some cases, hav- 
ing an observer collect data for the scientist was acceptable, but “most 
astronomers want to be around when their observations are being 
taken.” Bev Oke and Maarten Schmidt, both Caltech astronomers, 
supported the view that the best science is done when astronomers col- 
lect their own data at the telescope. Schmidt refuted the suggestion 
that most observations could be taken by remote control or by a ser- 
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vice staff whose duty was to execute astronomers’ instructions. “There 
are so many variables in optical observing,” he said, “I want the ob- 
server to be at the site and to make the instant decisions that are neces- 
sary from hour to hour.” 

Greenstein reacted angrily to the debate between his American and 
European colleagues about how telescopes would be used in the fu- 
ture. He warned the European and Australian astronomers present, 
many of whom were planning new telescope projects, not to make the 
mistake of believing that “they will be able to send messages” over the 
phone to the observatory and get reliable data. “I wouldn’t trust any- 
body else,” he contended, “Either you believe that the ‘Establishment’ 
has been a bunch of idiots for all these years and that there are nasty 
kids that like to be up on a freezing mountain, or you must believe that 
there was some point in it.”” 

For scientists like Greenstein, the idea that the astronomer might 
not directly participate in data collection was anathema. For others 
who lacked the unparalleled access to big telescopes that Greenstein 
and his colleagues enjoyed, times had changed and there was not 
nearly enough telescope time to satisfy the needs of the community. 
Furthermore, time allocation committees were granting ever-smaller 
blocks of observing time to individual astronomers. As a result of these 
pressures, the possibilities of using telescopes in new and supposedly 
more efficient ways intrigued many astronomers and induced appre- 
hension in others. 


Greenstein’s Dilemmas aa 


To Greenstein, the 1960s had not been a good time for the nveaiehs of 
beloved elite science institutions. While astronomers at observatories 
such as Palomar and Lick continued to work at the frontier of re- 
search, the majority of the NSF’s support for astronomy went to the na- 
tional centers. The fraction of astronomy funding that the NSF spent 
on the national observatories increased from about 50 percent in 1964 
to 73 percent five years later. Annual funding for national optical facili- 
ties was over $10 million in 1969, far in excess of the NSF’s entire bud- 
get for astronomy at universities.” 

Greenstein had also learned that plans to build a copy of the 200- 
inch telescope in Chile had fallen apart. In 1963, Horace W. Babcock, 
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soon to become the new director of the Mount Wilson and Palomar 
Observatories, started discussions with members of AURA’s board and 
Kitt Peak staff concerning what was called the Carnegie Southern Ob- 
servatory (CARSO) in Chile.”* AURA, at the time, was already building 
the Cerro Tololo Inter-American Observatory in Chile. The following 
year, the Carnegie Institution of Washington approached the Ford 
Foundation with a plan to build a 200-inch southern telescope. Be- 
tween 1964 and 1966, Carnegie continued to meet with AURA repre- 
sentatives and discuss how they might cooperate. These negotiations 
were secretive because of delicate issues. A major one was how astrono- 
mers not affiliated with Carnegie would get access to the telescopes. 
Meanwhile, Carnegie representatives continued to discuss the possibil- 
ity of receiving $19 million from the Ford Foundation for CARSO and 
believed negotiations were on track. 

On March 1, 1966, McGeorge Bundy, a former Harvard dean and 
influential advisor to Presidents Kennedy and Johnson, became the 
Ford Foundation’s new president. A few days after taking office, Bundy 
called Leo Goldberg at his Harvard office to discuss the CARSO pro- 
posal. On March 14, after talking with Goldberg and other promi- 
nent astronomers, Bundy and the Ford Foundation trustees decided 
to postpone Carnegie’s proposal. They cited the project’s cost and, 
perhaps more importantly, the fact that “the proposed provision of ac- 
cess for astronomers other than those of the Mount Wilson-Palomar 
staff was considered inadequate.”” 

Babcock, distressed at the news, requested letters of support from 
_ prominent astronomers, including Goldberg. Goldberg had only 
learned of the CARSO negotiations after he joined AURA’s board 
in early 1966. Like many of his colleagues, the news surprised him. 
Greenstein recalled how Goldberg and Martin Schwarzschild, a 
Princeton astronomer, “gave me hell” when they first talked about the 
plan. In their view, any plot to build the largest telescope in the south- 
ern hemisphere without getting support from the entire astronomy 
community was “crazy.”®° 

Goldberg’s major reservation about the CARSO project was its pro- 
vision to grant access to scientists not affiliated with Carnegie. In April 
1966, he wrote Babcock that it was “absolutely essential that a 200-inch 
telescope in the southern hemisphere be operated as a national or in- 
ternational facility.”8! Goldberg carbon-copied this letter to Bundy; a 
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month later, Goldberg sent Bundy a second letter. While he agreed 
that building no large telescopes in Chile would be a disaster, he ex- 
pressed concern about the proposed arrangement between Carnegie 
and AURA. Such an arrangement, he said, might inhibit AURA from 
building its own telescope in Chile. Goldberg suggested instead that 
the Ford Foundation and the NSF pool their money and fund an 
AURA-run telescope in Chile.* 

Bundy soon told Julius Stratton, the president of MIT and chair of 
the Ford Foundation’s board, “that it would be a grave mistake to 
place the second 200-inch telescope in the world under the same man- 
agement as the first . . . this proposition would be so simple as to be 
self-evident in the world of high-energy physics, and it says a great deal 
about the current state of astronomy that people are so hesitant to 
reach this obvious conclusion.” Bundy also noted that statements from 
the Mount Wilson and Palomar astronomers “reflected once again 
[their] unconscious self-centeredness.”** 

When it became clear that the Ford Foundation was not going to 
support the CARSO 200-inch, Lee DuBridge, Caltech’s president, told 
Goldberg that some in Pasadena believed that AURA (and, more spe- 
cifically, Goldberg) had ruined the deal. Goldberg objected to the im- 
plication that either he or AURA had been the spoiler. The entire Car- 
negie-AURA arrangement, he said, was a “shotgun marriage” from the 
beginning, and there was not the “slightest evidence that AURA ever 
adopted a ‘dog in the manger’ attitude toward the CARSO proposal.” 
DuBridge’s diplomatic reply assured Goldberg that any competition 
between Carnegie and AURA was settled and that if Caltech and Car- 
negie ever managed to build a large, private telescope int Zhile, all 
would be able to use it.*4 

Bundy, concerned about any single institution having a monopoly 
on large telescopes, supported the idea of making a grant directly to 
AURA for a new telescope that would be open to a wider community 
of scientists. Throughout the summer and fall of 1966, Ford Founda- 
tion representatives met with the NSF (unbeknownst to AURA) to dis- 
cuss this. Julius Stratton, also a member of the National Science Board 
which oversees the NSF, helped broker the deal. At their December 
1966 meeting, the trustees of the Ford Foundation agreed to give $5 
million toward an AURA-operated, 4-meter telescope in Chile pro- 
vided that the NSF could secure the remaining funds from Congress. 
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In January 1967, the Ford Foundation invited AURA to submit its pro- 
posal. Eleven months later, President Johnson authorized the project 
to proceed. 

Greenstein learned how plans for CARSO’s proposed 200-inch tele- 
scope fell apart through discussions with colleagues at Caltech and 
Carnegie. He believed that the intervention of a few senior astrono- 
mers connected with AURA, including Goldberg, was “decisive in the 
personal feeling that Bundy arrived at.”®° Many of Greenstein’s col- 
leagues in Pasadena shared this view; and, despite the lack of support- 
ing documentary evidence, it became accepted folklore in the Caltech 
and Carnegie communities that AURA had derailed the deal with the 
Ford Foundation. Years later, Babcock still recalled, “A last minute plot 
by the competition resulted in the diversion of a $5 million grant from 
the Ford Foundation; instead of coming to the Carnegie Institution, 
which had done all the ground work . .. the grant went to [AURA].”8 

To Greenstein, the loss of the Ford Foundation’s grant cost Ameri- 
can astronomy much more than just a new telescope. “The real 
shame,” he said, “was the loss of an enormous, private fund for an ob- 
servatory which I think could have fulfilled the public responsibility.” 
Since the release of the Whitford Report in 1964, no new, large, pri- 
vately run telescope projects had started. To Greenstein, the construc- 
tion of AURA’s 4-meter national telescope in Chile was another exam- 
ple of declining support for elite, university-based astronomy and the 
work of the “brilliant individualist” that he favored.*’ 

Carnegie’s failed bid for a second 200-inch occurred as national 


- centers for science and debates about their dominance were becom- 


ing more prevalent. Greenstein observed federal funding and facilities 
squeezing out university leadership in one field of science after an- 
other. Radio astronomy, which began with the work of a few pioneer- 
ing individuals and flourished at schools like Caltech, had gravitated 
toward more national facilities. More notably, the most powerful accel- 
erators for high-energy physics were run as national or international 
facilities. In the early 1960s, plans to build the Stanford Linear Accel- 
erator Center paralyzed that institution as debates ensued over the 
merits of science done at large centers versus smaller-scale depart- 
ment-based research. While the CARSO plan was foundering, the 
physics community was readying plans to build the National Accelera- 
tor Laboratory—later named Fermilab—as a national facility. Unlike 
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Brookhaven or Livermore, outsiders would have equal access to accel- 
erator time, abolishing the “hegemony of the elite.”** Caltech’s own 
electron-synchrotron facility closed in 1969, just after ground was bro- 
ken for Fermilab, as Caltech physicists traveled in increasing numbers 
to the big national accelerators. All of these changes were, as Green- 
stein saw it, blows to university research that left him depressed.* 

Greenstein became increasingly vocal about the need to redress as- 
tronomy’s priorities. After the release of the Whitford report, the na- 
tional optical astronomy centers at Kitt Peak and Chile had each re- 
ceived several million dollars for new telescopes. In April 1967, in a 
short handwritten note to Nick Mayall, Kitt Peak’s director, he con- 
fessed, “I do not believe that further telescope construction at Kitt 
Peak is in the national astronomical best interest.” When Mayall de- 
manded an explanation, Greenstein circulated a letter to AURA’s en- 
tire board stating that the “steady drain for continued operation for 
National facilities is in direct competition with university research ap- 
plications. I do not feel that the balance has been maintained and I am 
not enthusiastic about any major expansion in these centers until a 
new policy has evolved.” Federal money, were he in control of it, would 
go first to Lick and then Caltech.% Moreover, he saw no reason why in- 
dividual universities should not manage large, nationally funded sci- 
ence facilities.®! 

In July 1969, the National Academy of Sciences asked Greenstein to 
take responsibility for astronomy’s next decadal survey. The new sur- 
vey differed from the earlier effort chaired by Whitford in two im- 
portant respects. First, it considered astronomy practiced from the 
ground, funded mainly by the NSF, along with jpoonbasciteicat 
supported by NASA, which the Whitford report had not addressed. 
Second, Greenstein and his committee had a strong mandate from the 
Academy as well as the Office of Management and Budget to recom- 
mend which new facilities should be funded first. “It was no longer 
possible to send a shopping list to the government.” Greenstein re- 
called, “They wanted priorities.” 

Greenstein recruited panel members, including Goldberg, and so- 
licited advice from other eminent members of the astronomy commu- 
nity. Greenstein, as he told Goldberg and other senior astronomers, 
believed that one of the more pressing issues they had to consider was 
the “balance between . . . government laboratory and university re- 
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search, or between a big federally supported facility and an individu- 
ally operated laboratory,” describing the situation as “very delicate.” 

For two years, he and a group of twenty-two internationally recog- 
nized scientists met and argued over astronomers’ priorities for new 
research facilities and how the funding agencies that supported as- 
tronomy should spend their money. Helmut Abt, a Kitt Peak astrono- 
mer and Greenstein’s former student, chaired the optical astronomy 
subpanel. Meeting several times between late 1969 and June 1971, Abt 
and the other panel members soon recognized the science commu- 
nity’s strong sentiment that the first recommendation of Greenstein’s 
report should be a major new facility for radio astronomy. Greenstein, 
of course, remained sympathetic to the optical astronomers. He told 
Abt, “You know I like radio telescopes but I love optical telescopes and 
I think they have a fine future,” but he predicted that future large opti- 
cal facilities would probably have to wait.%t By early 1971, Abt’s panel 
had decided their first recommendation for optical astronomy was not 
new and larger telescopes but funding for better instruments and elec- 
tronic equipment. On other issues, optical astronomers expressed lit- 
tle agreement as to priorities. 

In June 1971, Greenstein received the reports from the various sub- 
panels and his main committee met for two weeks at the Institute for 
Theoretical Physics in Aspen. After days of heated discussion, Green- 
stein held two secret ballot votes. He personally voted for more large 
optical telescopes, but the majority’s (including Goldberg) first prior- 
ity was the Very Large Array, a national facility for radio astronomy in 
New Mexico estimated to cost at least $60 million. In fact, almost all of 
the committee’s major recommendations were proposed as national 
efforts. Greenstein recalled, “It ended with all of my claims for a bal- 


anced program . . . disappearing down the maw of big science, the 
death of university astronomy.”” 
As Greenstein counted the votes, he got “mad as hell . . . It just was 


so much against my own life experience and my own intuition of 
what’s good for science.” Disturbed and dismayed, Greenstein told 
his committee he would step down as chair and refuse to sign their 
final report, an unprecedented act of protest. For Greenstein, it was 
the “death of everything I held dear.”®” He later wrote, “Ihe major rec- 
ommendations so clearly required management by NASA Centers or 
by National Observatories .. . [and were] personally antithetical to my 
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style of research and management.” Defeated, Greenstein resigned. 
That evening, a delegation of astronomers came to his room and ar- 
gued that his withdrawal would only hurt astronomy. After an emo- 
tional discussion, he agreed to resume his leadership role. 

When the National Academy of Sciences released Greenstein’s final 
report in April 1972, new tools for optical astronomy appeared second 
after the VLA on the prioritized list of recommendations. The sur- 
vey recommended continuing to “vastly increase the efficiency of exist- 
ing [optical] telescopes by use of modern electronic auxiliaries and 
at the same time create the new large telescopes” of the future.’ 
Greenstein personally added a final chapter that offered his view of 
how the recommendations should be implemented. In the face of ex- 
panding national astronomy centers, he argued for the continued im- 
portance of university-based astronomy. There was no size limit for 
telescopes, Greenstein argued, beyond which a facility had to be na- 
tionally managed. Not all the committee members agreed with his 
approach. Abt and Mayall, representing Kitt Peak, charged that his 
wording unfairly argued for greater support of university research by 
denigrating the national centers.! Kitt Peak and Cerro Tololo, they 
said, were extensions of university-based astronomy, not competitors. 

One crucial duty of the astronomy survey’s chair was to take the 
committee’s message to the science community. Over the next few 
years, Greenstein gave talks that outlined how the report was prepared 
and his interpretation of its recommendations. In June 1973, he pre- 
sented the report to the National Science Board. In the margins of his 
handwritten speech, Greenstein scrawled “Tears!” before describing 
the major policy dilemmas facing astronomy. Whether he wai remind- 
ing himself to appear sorrowful or merely reflecting the personal dif- 
ficulties he had with this issue, Greenstein’s message was clear: the uni- 
versity, not a national center, was where the best scientists did frontier 
research. Without adequate and balanced support, “the universities 
for which the national centers were built,” he said, “will die on the vine 
at the greatest period in astronomy history.”!”! 

While it rarely surfaced in ways as dramatic as Greenstein’s resigna- 
tion, the strain between the national and private observatory systems 
had been increasing since the establishment of AURA and Kitt Peak. 
This tension placed scientists such as Greenstein and Goldberg at log- 
gerheads while it directly affected astronomers’ plans to build bigger 
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future telescope facilities. By the early 1970s, cracks within the optical 
astronomy community had become fissures. Scientists found them- 
selves having widely diverging opinions, their positions often a re- 
flection of their institutional affiliations. Should new large telescopes 
be managed by national centers or by private or state institutions? Was 
the relationship between different observatories competitive or com- 
plementary? Was it better to build several smaller telescopes or one 
large instrument? What was the best way to use new facilities? 

Within the astronomy community, there were also polarized opin- 
ions about the national observatory system as a whole. Some astrono- 
mers from smaller universities gladly depended on it and advocated its 
expansion, while scientists from prestigious institutions (who some- 
times used the facilities at Kitt Peak or Cerro Tololo) resented the 
amount of support the national centers received. Some, like Jesse 
Greenstein, even feared that, left unchecked, national centers might 
dominate astronomy as they did other fields such as high-energy phys- 
ics and radio astronomy. In the early 1970s, astronomers’ strongly 
emotional, and sometimes conflicting, opinions about what was best 
for their field became an essential consideration when Leo Goldberg 
proposed that Kitt Peak build a giant, new telescope that would dwarf 
any other in the world. 


CHAPTER 3 


Visions of Grandeur 


Leo Goldberg returned to Harvard in 1960 as a professor of astron- 
omy. True to his interests, he devoted his research efforts and gener- 
ous NASA funding to building a series of orbiting solar observatories. 
In 1966, Goldberg turned down an offer to direct NASA’s Goddard 
Space Flight Center in Maryland and instead took the directorship of 
Harvard College Observatory and chair of Harvard’s astronomy de- 
partment. The Smithsonian Astrophysical Observatory had moved to 
Cambridge a decade earlier; Goldberg’s former professor, Fred Whip- 
ple, sat on the council that oversaw Harvard’s observatory. Whipple 
had a strong voice in its management and Goldberg’s position was po- 
litically delicate. In time, he became increasingly unhappy with the 
complex administrative arrangement. When AURA offered, him the 
directorship of Kitt Peak in January 1971, Goldberg readily ccepted. 
As he began his new duties, he believed he had a mandate from AURA 
and the NSF “to transform the observatory from a sort of manufactur- 
ing facility [for new telescopes] into a working scientific laboratory.”! 
After Leo Goldberg became Kitt Peak’s new director, Jesse Green- 
stein congratulated his former classmate and expressed his wish that 
Goldberg’s new position would bring Kitt Peak into “direct competi- 
tion with us dinosaurs in Pasadena.”? What was offered as a gesture of 
friendly rivalry ultimately became prophetic. When Goldberg arrived 
at Kitt Peak in September 1971, the national observatory was in a cru- 
cial period of transition. For almost 15 years, Kitt Peak had pursued an 
aggressive program of telescope construction. By 1970, Kitt Peak oper- 
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ated several telescopes of small to moderate size, and its 4-meter in- 
strument was nearing completion. In Chile, engineers and astrono- 
mers were building another 4-meter telescope for AURA at the Cerro 
Tololo Inter-American Observatory. As these new telescopes entered 
service, many expected the national observatories to switch from 
building facilities to operating them efficiently, serving the user com- 
munity and, some insisted, doing frontier research rivaling the work 
done at places such as Palomar and Lick. 

The American astronomy community lacked a unified vision for 
the national observatories. For astronomers from small universities 
or those located at places where observing conditions were poor— 
six of AURA’s original seven members were Midwestern or East Coast 
schools—Kitt Peak offered telescopes and instruments essential to 
their careers. Many astronomers from these schools came to Kitt Peak 
to use the smaller telescopes and were less interested in state-of-the-art 
instrumentation. The primary concern of the “have nots” was for Kitt 
Peak to build and maintain simple and reliable facilities where they 
could collect a few nights’ worth of data and to employ a staff to assist 
them during observing runs. 

Those astronomers with access to their own large telescopes viewed 
Kitt Peak as a competitor for resources and prestige. By 1970, in an at- 
tempt to strengthen the national infrastructure for science, for every 
$1 the NSF gave to astronomers as individual research grants, Kitt Peak 
and Cerro Tololo received $3. This deeply angered some astronomers. 
Their resentment was fueled by the strong sentiment that neither 
the research done at Kitt Peak nor the instruments on its telescopes 
were cutting edge. Astronomers at Caltech remarked in confidence 
that they could think of “no innovative night-time instrument which 
has been developed at Kitt Peak.” Even scientists in Goldberg’s depart- 
ment at Harvard, one of the AURA’s charter universities, complained 
that, for the amount of money the NSF was spending at Kitt Peak, “it 
is disturbing that there is not more first class optical astronomy com- 
ing out.” 

There was disagreement about the national observatory’s mission 
even among the Kitt Peak staff. Some placed emphasis on serving visit- 
ing scientists while others believed Kitt Peak was in danger of simply 
becoming another large and mediocre government laboratory. A solu- 
tion, some insisted, was to produce scientific research of such quality 
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that “we cannot be looked down upon and... become completely sub- 
servient to direction from scientists outside Kitt Peak. We will never be 
liked by our well-endowed, but jealous, critics but we should be able to 
command their respect . . .”"* What is remarkable about the views held 
by scientists at Kitt Peak and those at institutions with private observa- 
tories is that each group believed the other was somehow better off. 
This dissonance in perception between the advocates and the critics of 
Kitt Peak hindered attempts to develop a coherent strategy that satis- 
fied both groups. 

The astronomy community’s inconsistent and divided perception of 
Kitt Peak’s mission affected the choice of its new director. When Nich- 
olas Mayall announced he would retire in 1971, AURA asked promi- 
nent astronomers to suggest possible successors. Greenstein, compar- 
ing Kitt Peak with “a national trust, like the national parks,” believed it 
should be administered for the overall good of astronomy. Because 
private observatories like Palomar could not match the financial sup- 
port the NSF gave Kitt Peak, he believed only research of the high- 
est quality should be done there. This could mean rejecting a large 
fraction of astronomers who requested observing time. Such a move 
would be “quite an anti-democratic change” but one that the substan- 
tial national investment in national observatories demanded. Green- 
stein suggested that, unless astronomers wanted to have “black days,” 
Kitt Peak hire “a statesman of science, a strong protagonist for all of as- 
tronomy ... the type of salesman for science that Robert A. Millikan 
[one of Caltech’s founders] was 40 years ago.”° 

Even before he began as director, scientists approached Goldberg 
and expressed their views of what Kitt Peak’s mission was. On€,éspe- 
cially outspoken person was Stephen E. Strom, an ambitious scientist 
and recent graduate from Harvard’s astronomy program. Strom wrote 
Goldberg that “Kitt Peak should have scientific staff of the highest 
quality; it does not, at the present.” The awarding of observing time 
in ever-smaller amounts also concerned Strom, who thought it “appall- 
ing to see astronomer X from a small southern university having his 
three or four nights on the 150-inch by reason of pure political con- 
venience.”6 

As he began his directorship, Goldberg contended with these com- 
peting visions for the national observatory. Goldberg personally be- 
lieved Kitt Peak’s scientific staff should be organized much more like 
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an academic department, with eligible researchers receiving tenure 
and so forth. To accomplish this, he advocated a three-fold approach. 
Hiring exceptionally talented scientists would ensure that first-rate sci- 
ence would result. The new talent would then develop state-of-the-art 
instruments that they had a personal interest in using. Visiting observ- 
ers would reap the benefits from the availability of first-class instru- 
ments and high-caliber staff with broad research interests.’ In addition 
to following his intuition about how a first-class laboratory should be 
operated, Goldberg also responded to recommendations made by a 
special Visiting Committee that AURA created with Goldberg’s en- 
couragement. In December 1971, its first report noted that if the ob- 
servatory wished to provide “facilities for frontier optical research,” it 
needed a “staff of first-class scientists themselves engaged in front line 
scientific research” and personally committed to building “frontier in- 
strumentation.” 

Goldberg soon reorganized Kitt Peak with a single scientific staff 
and a prioritized roster of engineering projects. Heading his list was 
the completion of advanced science instruments for the new 4-meter 
telescope as soon as possible. He attracted a number of promising 
young astronomers, including Steve Strom. Goldberg also insisted that 
Kitt Peak develop a strong infrared program of research and instru- 
mentation. For this effort, he hired Donald N. B. Hall, another Har- 
- yard student, and Frederick C. Gillett from the University of Minne- 
sota. Each of these scientists would play a role in the coming years as 
debates about a new national telescope and the role of the national ob- 
servatory intensified. 

Goldberg declined to expand into other research areas, insisting 
that the main mission of Kitt Peak should remain observational optical 
astronomy.’ Goldberg also altered the research focus of Kitt Peak. Be- 
lieving that the observatory’s staff was too focused on planetary astron- 
omy, he increased staff hires and research programs oriented toward 
galactic and extra-galactic objects; by 1974, 40 percent of Kitt Peak 
staff worked in what was called the “stellar” program." 

Goldberg and the observatory’s other scientists believed that the 
major tool for research would be Kitt Peak’s new 4-meter telescope. 
The new national telescope was dedicated in June 1973 and Jesse 
Greenstein gave an invited talk called “The Exploration of a Strange 
and Beautiful World” at the ceremony. The following year, a second 4 
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meter telescope, located at Cerro Tololo, took its first images. AURA 
now operated a pair of the world’s second-largest telescopes. 

The fact remained that the national observatories operated tele- 
scopes smaller than the 200-inch run by Caltech and Carnegie. This 
was the opposite of what scientists observed in other fields such as 
high-energy physics and radio astronomy, in which national facilities 
were typically the biggest or most powerful. For many astronomers, 
this was an odd, if not suspicious, situation that affected the national 
observatory’s mission and status. 


A Telescope for the Next Generation 


Even before AURA had officially formed, Goldberg had big plans 
for the organization. In 1957, he boasted to Lee DuBridge that he 
looked forward to the day when the national observatory might oper- 
ate very large telescopes “perhaps 200 inches in diameter or greater.”!! 
By 1974, his reorganization of Kitt Peak was complete, and scientists 
began collecting data with the new 4-meter telescope. Building the 
telescope had required a large number of engineers and support staff; 
but when the telescope was finally debugged and handed over to the 
astronomers, the core team of engineers began to disband. 

In the summer of 1974, Goldberg encouraged his staff to consider 
possible ways that Kitt Peak might build a new telescope. Their goal 
was a light-collecting area of 25 meters (about 1,000 inches). A tele- 
scope this big would have 25 times the light-collecting area of the 200- 
inch telescope. The stunning size was “bigger than anything yet pro- 
duced and it was bigger than anything we felt we could easily make 
by just extrapolating an existing design. It was an exercise in forced 
innovation.”'? The 25-meter telescope program was not created ex 
nthilo. For years, a nebulous item called the “X-inch telescope” that 
harked back to Aden Meinel’s investigations had existed in AURA’s 
long-range plans. 

In supporting plans for a 25-meter telescope, Goldberg accom- 
plished two things. First, he was able to keep the talented engineering 
staff who had coalesced around the 4meter telescope engaged on a 
new project at the technological frontier instead of losing them to 
other institutions. Lawrence (“Larry”) Barr was one of the people 
Goldberg hoped to keep. Barr was a mechanical engineer who came 
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to Kitt Peak in 1968 after spending several years in industry. While 
working with Larry Randall, Bill Baustian, and others on Kitt Peak’s 4 
meter project, Barr learned the craft of telescope engineering. Barr 
and some of his colleagues wanted to build new telescopes. “Once the 
4-meter was built,” he recalled, “there were too many damn engineers 
around here!” Some, including Barr, were especially attracted to the 
25-meter program—which, Barr admitted, was dubbed by skeptics at 
the observatory as a “Works Progress Administration for engineers.” 
Some criticized Goldberg for looking to build telescopes simply to 
keep his staff busy.!* 

The 25-meter project also represented an opportunity for the future 
expansion of the national observatory and U.S. astronomy in general. 
To Goldberg, failure to pursue future projects was tantamount to stag- 
nation and a sure recipe for poor morale and eventual decline. Gold- 
berg argued that, as other countries were beginning to build copies of 
Kitt Peak’s 4-meter telescope, a failure to think and build for the fu- 
ture would eventually make “the U.S. position in optical astronomy . . . 
competitive rather than preeminent.” 

Exploring new telescope concepts was not a major priority for most 
of Kitt Peak’s staff. Larry Barr, whom Goldberg appointed as the 25- 
meter telescope’s chief engineer, recalled working on it during the 
summer months in 1975 and 1976 when Arizona’s afternoon rain- 
~ storms helped make time available. Don Hall took time away from his 
regular duties of nighttime observing and designing infrared detec- 
tors to serve as the project’s chief scientist. Together with input from 
other Kitt Peak scientists, Hall developed a scientific justification for 
a 25-meter telescope. Still, Hall and Barr remembered that the staff's 
involvement on the hypothetical 25-meter telescope was largely de- 
tached from their regular duties at Kitt Peak. Few people clamored to 
join an exploratory project that would not be completed for many 
years, if ever. 

By September 1975, Goldberg could tell the Kitt Peak staff that engi- 
neers and astronomers had arrived at a tentative concept for a 25-me- 
ter telescope.!° The design’s name was PALANTIR, a loosely fitting ac- 
ronym derived from Program for a Large Aperture Novel Thousand 
Inch Telescope. Palantiri were the magical seeing stones in J. R. R. 
Tolkein’s Lord of the Rings that allowed their users to see through time 
and space. PALANTIR’s design, shown in the upper left of Figure 8, 
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had more in common with large-dish radio telescopes like the Arecibo 
Observatory in Puerto Rico than with other optical telescopes.’® 

As with all large telescopes, the major challenge was deciding how 
to make the primary mirror. PALANTIR’s gargantuan mirror surface 
would be 75 meters long and 25 meters wide. Instead of a single mas- 
sive glass mirror, the design of PALANTIR’s primary mirror used hun- 
dreds of polished aluminum segments that, when combined, created a 
massive light-collecting surface. 

While the idea of a segmented primary mirror was something as- 
tronomers had considered for well over a hundred years, the engi- 
neers’ final vision of PALANTIR was a telescope that was massive by 
any measure. Barr and other Kitt Peak staff designed PALANTIR so 
that light striking the metal mirror segments would be reflected to a 
secondary mirror 3 meters in diameter (not an inconsiderable size 
for a primary mirror in the mid-1970s, let alone a secondary mirror). 
Placed at the end of long movable arm, the secondary mirror “saw” 
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Figure 8. Four concepts developed for Kitt Peak’s Next Generation 
Telescope project. Courtesy of Rick Showalter / NOAO/AURA/NSEF. 
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only a portion, about 25 meters worth, of the giant primary mirror 
at any given time. Additional optics would relay light to spectro- 
graphs and other instruments. The entire primary mirror would be 
supported on a mammoth, “shoe-like” structure—the design’s unof- 
ficial name was “the Rotating Shoe”—and covered with a dome over 80 
meters in diameter. 

An advantage of PALANTIR that Kitt Peak staff touted was that the 
primary mirror segments remained immobile with respect to gravity 
and could not be distorted as the telescope moved. Despite its gargan- 
tuan size, Kitt Peak engineers insisted that PALANTIR did not require 
significant technological innovations. PALANTIR would be big, but as 
Kitt Peak’s January 1977 proposal to the NSF stressed, it was a “techno- 
logically conservative approach.” Moreover, the Kitt Peak staff advo- 
cated PALANTIR as a “practicable, cost-effective solution to [building] 
a telescope of a size unattainable by classical design.”” 

Kitt Peak’s proposal estimated that building PALANTIR would take 
a decade and cost about $160 million.!8 By 1977, Kitt Peak’s two new 4 
meter telescopes had just been completed, and the NSF lacked the re- 
sources and political will to undertake another major project for the 
optical astronomy community. The agency was already funding the 
- Very Large Array of radio telescopes, a project prioritized by Green- 
stein’s 1971 decadal survey and a major commitment in its own right. 

There were also technical objections to the PALANTIR design. De- 
spite its massive size, PALANTIR’s field of view—the amount of sky as- 
tronomers can view at one time—would have been quite small, far less 
than Kitt Peak’s 4-meter, for example. Moreover, the optical resolution 
of PALANTIR’s primary mirror would have been only about one arc- 
second, which was poor compared to smaller telescopes already in op- 
eration.!9 Finally, critics also noted that the PALANTIR’s tremendous 
size would have required a flat mountaintop site some one hundred 
meters in diameter. Given these design limitations, few people were 
surprised when the NSF reviewers cited the project’s cost as problem- 
atic and refused to fund it. 

Goldberg, Barr, and Hall were not surprised by the proposal’s rejec- 
tion. According to Barr, their main goal was to generate interest and 
funding for a very large telescope program at Kitt Peak. Working on 
PALANTIR gave them an opportunity to experiment with new design 
tools, including finite element analysis and computer-aided design 
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and modeling for large structures. In spite of PALANTIR’s design 
shortcomings, the possibility of a 25-meter telescope attracted enough 
attention that the NSF added $200,000 to the Kitt Peak budget for fur- 
ther study. 

Goldberg used these funds to establish the Next Generation Tele- 
scope (NGT) program. He also formed an NGT Scientific Advisory 
Committee, chaired by Geoffrey Burbidge, to evaluate the research for 
which a 25-meter telescope might be suited. Goldberg was cautious, 
however, about how this program might be perceived outside of Kitt 
Peak. Even before the PALANTIR proposal was sent to the NSF, he 
warned staff that any press releases about the 25-meter project should 
stress the modest level of work being undertaken and staff were asked 
not to discuss future projects with the press.*° 

Once the NGT program was underway, the engineers and scientists 
involved with the project literally threw the doors open and consid- 
ered a cornucopia of designs. Throughout 1977 and 1978, they were 
guided by the belief that any future giant telescope would probably 
not have a single, monolithic mirror in the traditional fashion. The 
overall light-collecting area would somehow have to be divided into 
smaller parts. The question was how. 

One option was an array of smaller telescopes, instead of a single gi- 
ant machine.*! The Kitt Peak staff considered a concept called the Sin- 
gles Array for the NGT.” The chief technical advantage, supporters 
said, was that all the telescopes could be pointed at the same object, 
and the light sent to a common point if maximum light-collecting 
power was needed. Otherwise, the different telescopes could be used 
for separate research programs. This design might appeal to ay ono- 
mers without access to their own instruments and provide a ‘politi- 
cal advantage. Building many smaller telescopes presented no special 
technical challenge. Construction could be started immediately and 
the astronomy community would not have to wait until all the tele- 
scopes were built before using some of them. 

One proponent of the array concept was Michael J. Disney. He had 
recently gained notice in the scientific community when, in 1969, he 
and two other astronomers at the University of Arizona made the first 
optical observations of a pulsating radio source in the Crab Nebula, a 
discovery accomplished with an old 36-inch telescope at Kitt Peak. Per- 
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haps buoyed by this success, Disney began to advocate an array of mod- 
erate-sized telescopes. Disney believed that a single big telescope pro- 
vided time only for a “small and fortunate clique of astronomers.” 
Because of the pressure for observing time, he said there often was a 
“temptation to use the largest telescopes either for bandwagon astron- 
omy, or for measurements which will bring a definite return . . . in 
other words, to do first class second-rate astronomy.”’’ By proposing an 
array of smaller telescopes, Disney claimed he was trying to avoid the 
path that particle physicists had taken by building one or two giant ma- 
chines to address a few key problems.** 

The designs for a singles array that Kitt Peak staff developed ranged 
from a half-dozen 10-meter telescopes to scores of 2-meter telescopes. 
The latter, a section of which is shown in the lower left of Figure 8, 
earned monikers like the “the pygmy village” and the “mushroom 
patch” from its detractors. Rude comments notwithstanding, propo- 
nents of the array concept realized their idea faced a more daunting 
hurdle. It was harder to find patrons who would fund several dozen 
small conventional telescopes than it was to interest them in single 
enormous instrument.” 

Barr, Hall, and others at Kitt Peak explored many other NGT con- 
_ cepts. These included a giant version of the MMT and a large “steer- 
able dish” that looked more like a radio telescope than anything else. 
“We didn’t invent a lot of these designs,” Barr noted, “We were a focal 
point for new telescope concepts. People came to us with their ideas, 
and it wasn’t long before we had more than we knew what to do 
with.”6 

Goldberg did not publicly favor a particular design for the NGT but 
continued to advocate the broader importance of the 25-meter pro- 
gram both for the continued health of Kitt Peak and the astronomy 
community. By 1977, Kitt Peak was the leader in pursuing new ideas 
for bigger telescopes. Astronomers from all over the world received 
technical reports about the NGT project and Larry Barr and Donald 
Hall presented papers on their work at conferences on large tele- 
scopes. While the 25-meter project received only modest financial sup- 
port from Kitt Peak’s main budget, Goldberg hoped the project would 
soon be given its own funding line, and “with support in the astronom- 
ical community, stand on its own feet.”*” Unfortunately, political and 
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financial pressures appeared that not only threatened the construc- 
tion of any new telescopes by Kitt Peak but also caused a final confron- 
tation between Goldberg and Jesse Greenstein. 


A Very Delicate Question 


The showdown between Greenstein and Goldberg was more than just 
a philosophical disagreement over what was best for science. At its core 
was a larger question of who would dominate and control astronomi- 
cal research: elite universities and a relatively few autonomous obsery- 
ers or large national facilities serving a broader community of scien- 
tists. In the 1950s, astronomers including Greenstein and Goldberg 
grappled with the issue of who should control the expanding reservoir 
of federal money. Two decades later, they faced a crisis of similar mag- 
nitude that centered around how American astronomy should be or- 
ganized and whether AURA should assume a leading, or even domi- 
nant, role. The positions taken by the two men toward the mission of 
the national observatories represented fundamentally different visions 
for the future of astronomy. 

The organizational structure of AURA made conflicts of interest 
probable, if not inevitable. As a consortium of universities, each mem- 
ber institution chose two people for AURA’s board that managed the 
national observatories. While each board member was obliged to rep- 
resent the best interests of facilities like Kitt Peak, they were also mind- 
ful of their home institution’s welfare. It was quite possible that a mem- 
ber of AURA might be called on to recommend whether Kitt Peak 
should build a new telescope at the same time that the méfnber’s 
school was seeking money from the NSF for its own projects. 

As AURA’s membership grew, so did the likelihood of such conflicts 
of interest. In 1972, AURA accepted Caltech, the University of Ari- 
zona, and the University of Texas as new members. Along with the Uni- 
versity of California (a charter member of AURA), these schools al- 
ready had bold ambitions for building their own large telescopes. At 
the same time, AURA’s board decided that the organization’s growth 
required a full-time president, and it voted to hire Gilbert L. Lee, a for- 
mer administrator from the University of Michigan. 

That same year, after 24 years of leadership, Greenstein stepped 
down as head of Caltech’s astronomy program. This was a difficult 
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transition for the 63-year-old scientist. The last several years of stress- 
ful committee work had left him thinking he had no friends anymore, 
“only official acquaintances.”** Greenstein began attending AURA 
meetings as Caltech’s representative. In April, when he visited Tucson 
for a meeting of AURA’s Scientific Committee, he and his wife stayed 
at Goldberg’s house.*® During the meeting, Greenstein and Goldberg 
had the chance to talk about the current politics of astronomy. 

Like Greenstein, Goldberg was in the twilight of his career and 
faced considerable pressures. In 1971, he was elected president of the 
International Astronomical Union. While this was a great honor, it 
brought a heavy burden of administrative work and travel and he 
spent less time at Kitt Peak than some of the observatory’s staff would 
have liked. One solution he found was to rely on and confide in 
Beverly T. Lynds. Lynds was an astronomer from the University of Ari- 
zona who had joined Kitt Peak (where her husband Roger was a noted 
observational astronomer) in 1971 as the assistant to the director. 
Over time, Goldberg and Lynds developed a close and intimate rela- 
tionship. 

After Goldberg restructured the observatory in the manner he felt 
appropriate for a prestigious national laboratory, he had to contend 
_with a staff that remained divided over the observatory’s mission. 
Some believed that more attention should be paid to assisting guest 
observers who came to use the observatory’s telescopes. Goldberg did 
not attach as much weight to this goal as some of his staff might have 
wished. Doing so, he said, would be “flying in the face of my whole 
life’s experience as an administrator” and it would disappoint the 
AURA board and the NSF, who “believe that KPNO should become 
the world’s leading center for optical astronomy.”*° 

The completion of AURA’s two 4-meter telescopes in the early 1970s 
put a considerable amount of light-collecting power in the hands of a 
much larger group of astronomers. It also contributed to increased ri- 
valry between the private and national observatories. Astronomers at 
large private and state observatories often perceived themselves as dif- 
ferent from the scientists and staff whose major resource was the na- 
tional facilities. As the beneficiaries of a “magnificent tradition” of pri- 
vate and philanthropic patronage of science, some of them viewed 
“with a certain apprehension, the influence and demands of the “gov- 


ernment project’ research worker.”™! 
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The rivalry between the “haves” and “have nots” sometimes 
emerged as petty charges and complaints. For example, soon after Kitt 
Peak’s 4-meter was dedicated, a Caltech representative took a tour of 
the new facility. Afterwards, he circulated a memo claiming that the 
Kitt Peak tour guide had slighted the capability of the 200-inch. “One 
gets the distinct impression,” he said, “that Kitt Peak is trying to gain, 
by football crowd tactics, the reputation of being ‘No. 1.’” Soon after, a 
vice-provost of Caltech asked Goldberg if there was a policy to pro- 
mote Kitt Peak at the expense of the 200-inch. Goldberg, embarrassed 
by this incident, promised that more care would be taken with future 
tours and press releases. Underneath this seemingly trivial incident 
were more serious currents of jealousy and fear. “Goldberg knows,” the 
provost wrote Greenstein, “that he is living off Federal funds to the ex- 
tent of $12 million a year when we receive on the order of or less than 
one-quarter million.”* 

Goldberg had his own fears. In 1973, the NSF considered requiring 
that the staff at the national observatories submit requests for tele- 
scope time that would be peer-reviewed like those of visitors to the fa- 
cilities. Goldberg vehemently opposed the suggestion that his scien- 
tists might be denied time on their own instruments, a policy that 
would undercut his plans to transform Kitt Peak into a top-notch sci- 
ence laboratory. The idea, Goldberg said, was political maneuvering 
proposed by people such as prominent astrophysicist Willy Fowler, a 
member of the National Science Board, “whose bias and conflict of in- 
terest as a Caltech grantee [of NSF research funds for astronomy] are 
well known.” While this proposal quickly faded, Goldberg was bedev- 
iled at the same time by budget concerns. The NSF was not in@ytasing 
Kitt Peak’s funding and inflation was severely eroding the observa- 
tory’s purchasing power. 

In February 1974, AURA’s board invited Greenstein to become its 
new chair. This surprised astronomers who were aware of his concerns 
over what he perceived as the national observatories’ growing power at 
the expense of university-based science. Greenstein accepted the re- 
sponsibility to help manage the national observatories in Arizona and 
Chile. He also had a more personal mission, one “essentially con- 
nected with the public relations effort to enlist what support we can 
from the astronomers of the country for the rightful claims of the 
Hale Observatories and Caltech for financial support from the Federal 
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Government.” ** By chairing AURA’s board, he hoped, he might also 
make Caltech’s professional relations with other astronomers easier. 
One of Greenstein’s confidants and patrons was William T. Golden, 
a childhood friend and lawyer who became a wealthy New York inves- 
tor. Golden helped establish the office of a formal Presidential science 
advisor in the 1950s and, as a result, was a well-connected consultant 
in areas where science, money, and politics met. In the mid-1970s, 
Golden also served on AURA’s Visiting Committee. Soon after his first 
AURA meeting as chair, Greenstein confidentially told Golden that 
“there is much deep thinking to be done about AURA, about the rela- 
tions between AURA and the Director of KPNO. . . . There seems little 
doubt in the mind of the KPNO director as to who is top dog.”°° 
Greenstein’s letter to Golden also expressed his vision for astron- 
omy at Kitt Peak. He explained that the private observatories tradition- 
ally had the luxury of carrying out valuable long-term research pro- 
grams that took several years and hundreds of observing hours to 
complete. Greenstein believed this was the only efficient way to use 
big telescopes. He even speculated that “privileged astronomers,” as 
he phrased it, from the private observatories might apply for large 
amounts of time on the national telescopes but noted such moves 
would be on “dangerous political ground.” At the national centers, 
large-scale programs dominated by a few astronomers could spark 
a rebellion by shortchanged rank-and-file astronomers from AURA’s 
member schools. “But science,” Greenstein wrote Golden, “is not dem- 
ocratic, it is aristocratic, in achievement.” As he later expressed it, 
“the main problem for AURA management was the question of demo- 
cratic choice versus elitist, snobbish, concentration of effort.” How, he 
asked, does one select a few preeminent astronomers to use the na- 
tional centers without compromising community support for them??” 
To many astronomers, debates about the role of the national ob- 
servatory and how science should best be done, were personified by 
Kitt Peak’s director and AURA’s chairman.** Each man had different 
professional responsibilities, many of which were contradictory. The 
AURA board expected Goldberg to make Kitt Peak a prestigious scien- 
tific institution and, at the same time, provide facilities for as many 
visiting observers as possible. Greenstein was trying to “walk a careful 
line between excessive partisanship for the university science, and for 
places like the Hale Observatories, and excessive concentration of ef- 
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fort in one place, such as Kitt Peak.”%° He was well aware of how univer- 
sity-based radio astronomy had stagnated as the National Radio As- 
tronomy Observatory grew, a situation he believed was made worse by 
the NSF’s recent decision to build the Very Large Array. 

Greenstein was increasingly convinced that AURA was becoming too 
powerful in the astronomy community and would eventually dominate 
university researchers. In late 1975, he learned from Goldberg that the 
Air Force was abandoning support for Sacramento Peak Observatory, 
a solar physics facility in western New Mexico. The NSF stepped in to 
provide funding and, as Goldberg predicted, asked AURA to manage 
the facility as it did Kitt Peak and Cerro Tololo.” 

Astronomers were also engaged in a rancorous debate over the sci- 
entific management of NASA’s Space Telescope (later renamed the 
Hubble Space Telescope). Kitt Peak’s scientists and engineers worried 
that the much-touted space observatory might “signal the end of Kitt 
Peak’s leadership in optical astronomy.”*! Goldberg, in response, sug- 
gested that they participate in NASA’s billion dollar mega-project by 
building instruments or processing data. Soon afterward, Goldberg 
suggested that AURA would be a natural choice to operate the space 
telescope after it was launched. AURA did not officially win the com- 
petition to manage the Hubble Space Telescope until January 1981. 
Nevertheless, the possibility of it managing the world’s first major 
space telescope led Greenstein to believe even more strongly that 
AURA was poised to control almost all major research facilities for as- 
tronomy.** 

By mid-1975, other fissures appeared in the relationship between 
Goldberg and Greenstein. The Kitt Peak director was displeag¢d. that 
the NSF had not given him any merit or cost-of-living increafes. He 
blamed Greenstein for not advocating this issue more strongly with 
AURA and the NSF. It was, Goldberg said, the first time he ever had to 
plead the case for his own salary.*? He encouraged influential col- 
leagues in the science community and Kitt Peak staff to apply pressure 
to Greenstein, tactics the Caltech astronomer found inappropriate. 

Goldberg also complained to Greenstein and the AURA board 
about what he saw as a lack of involvement on the part of Gil Lee, 
AURA’s president.*# Some on the AURA board interpreted his critical 
assessment of Lee as a sign that he wanted the president’s chair for 
himself. From such a powerful position, Greenstein feared Goldberg 
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(and thus AURA) would possess even greater influence over most ma- 
jor astronomical facilities.* 

At an AURA meeting in November 1975, Goldberg was surprised to 
find that, instead of discussing Lee’s performance, the AURA board 
asked him about what Greenstein called “a delicate question”—his 
impending retirement.** Goldberg would turn 65 in the fall of 1978 
and faced a mandatory retirement unless the board voted otherwise. 
Within a few months, the AURA board decided not to continue Gold- 
berg’s tenure beyond his 65th birthday. Over two years before AURA 
rules required Goldberg to step down, it initiated a search for his re- 
placement. 

All of these issues—Goldberg’s salary woes and forced retirement, 
the continued debate over the mission of the national observatory, 
the increasingly powerful role of AURA, and the different visions of 
how science should be practiced and managed—became festering 
sources of tension between Goldberg and Greenstein. Their relation- 
ship, which had become more fragile since 1971, disintegrated further. 
Describing the maneuvering taking place as AURA tried to hire a new 
director as “sheer nonsense,” Goldberg wrote Greenstein confiden- 
tially, “Just so there will be misunderstanding of my own motivation in 
this miserable affair, I want you to know that you can dispense with one 

‘item on the agenda of the forthcoming Board meeting. . . . I will not 
_ accept further appointment of any sort from AURA after I retire as Di- 
rector. 4” 

A lame duck and perhaps feeling he had little to lose, Goldberg 
became increasingly vocal about AURA’s anticipated role in American 
astronomy. In February 1976, he circulated among senior astronomers 
a report he penned called “The Future for AURA.” Goldberg made 
the case that AURA should take an even more active role in managing 
American astronomy. “AURA,” Goldberg said, “could be the group 
that speaks for both university interests and national center interests 

. the entity that communicates freely with universities, centers, 

federal agencies, and Congress . . . the leader in setting the goals 
and needs for astronomy . . . The opportunity is there if AURA will 
take it.” 

This was exactly the type of centralized control and management of 
science that Greenstein opposed. As America celebrated its Bicenten- 

nial, the two elder statesmen of astronomy clashed repeatedly over the 
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continued expansion of the national observatory. Greenstein began to 
make his preference for a less powerful national observatory more 
widely known and argued that AURA should “remain small.”* 

One project he singled out for particular attack was Kitt Peak’s 25- 
meter telescope. Larry Randall, Goldberg’s head of engineering at 
Kitt Peak, recalled how Greenstein told him over lunch that there sim- 
ply wasn’t going to be any 25-meter telescope.” Randall, shocked and 
disillusioned by the announcement, soon left Kitt Peak. Greenstein 
also told staff scientists at Kitt Peak that, while their current director 
might be an “activist,” Goldberg’s replacement would be less inclined 
in this direction.®! 

Goldberg’s call for a more prominent role for AURA prompted a 
widespread discussion among senior astronomers and science manag- 
ers. William Golden, for example, asked Goldberg who would be quali- 
fied to manage such an expanded astronomical organization. Would 
not AURA become politically vulnerable if it became more active in 
Washington? Golden, whose opinions carried much weight in the sci- 
ence community, opposed an expansion of AURA’s role as a policy- 
maker and lobbyist. Privately, he told Greenstein that “the situation at 
AURA and the contention over Leo Goldberg are disturbing to this 
taxpayer.” : 

In response to Goldberg’s report, AURA attempted to define more 
clearly the mission of the national observatories it managed. When a 
first draft of this mission statement was available in the fall of 1976, 
Greenstein circulated it among Caltech and Carnegie astronomers. 
The paper generated an instantaneous firestorm of protest. One as- 
tronomer called it “evil,” while another said it “scared the hel]? out of 
him and he hoped that it would never officially leave the AURA’ board 
room.*? 

Of particular concern was the claim that the national observatory 
“should provide uniquely valuable observing facilities which [were] 
too large, too costly, and too complex” to be developed and managed 
by universities or private observatories.5t The mission statement and 
report did not spell out how AURA (or anyone else) might determine 
what telescopes were too ambitious for private or university institu- 
tions to build. The clear intent of the mission statement, Greenstein’s 
colleagues concluded, was to relegate “all major private observatories 
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... to a level of mediocrity such that they will not be competitive with 
Kitt Peak and Cerro Tololo.”®5 

The final document, edited in response to comments such as these, 
was much more modest in scope. The first task of the national observa- 
tories, it said, was to provide unique and nationally available facilities 
that were too large, complex, or expensive to be built or operated by 
“universities with small departments or by smaller private observato- 
ries.”°° In other words, Kitt Peak and Cerro Tololo were not to domi- 
nate the large private or state-funded observatories when it came to 
building newer and bigger telescopes. 

Faced with opposition from Greenstein, members of AURA’s board, 
and influential scientists, Goldberg’s move to establish a more power- 
ful presence for AURA and the national observatory fell short. His at- 
tempts to transform Kitt Peak into a premiere scientific laboratory that 
rivaled the best private observatories brought complaints from visitors 
to Kitt Peak who resented staff privileges and from elite astronomers 
who opposed a federally funded competitor. Coupled with these pro- 
fessional disappointments was the deteriorating relationship with his 
wife, and, perhaps, anxiety associated with the growing closeness be- 
tween himself and Beverly Lynds. In December, he gave notice that he 
would resign as Kitt Peak’s director by September 1977, shortly before 
his 65th birthday. After he stepped down as director, Goldberg con- 

_fessed in his personal log that if he had “any inkling of the treatment 
the Observatory would receive from its sponsor . . . | would have been 
out of my mind to take the job.”*” 

The confrontation between Goldberg and Greenstein that culmi- 
nated in Goldberg’s resignation was the last major act in two scientific 
careers that spanned more than four decades. After resigning as Kitt 
Peak’s director, Goldberg made a long visit to China before return- 
ing, uncomfortably, to the national observatory as a research scientist. 
Greenstein formally retired from Caltech in 1979; but like Goldberg, 
he remained active in scientific research and offered advice and opin- 
ions to the next generation of astronomers planning big telescopes. 
The events of 1977 effectively ended their relationship. There is no 
evidence of further correspondence between the two men after Gold- 
berg stepped down. When Caltech held a symposium in 1984 to honor 
Greenstein, Goldberg was invited but noticeably absent. 
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New Faces, New Paths 


In 1977, oblivious to AURA’s painful tribulations, Jerry E. Nelson was a 
33-year-old astrophysicist working at the Lawrence Berkeley Labora- 
tory in California. Often clad in Hawaiian shirts and described by a re- 
porter as a cross between Howdy Doody and a political activist, Nelson 
was a true son of California. He was born and raised in the San Fer- 
nando Valley, where his father was a machinist for a local aerospace 
company. Nelson did his undergraduate studies at Caltech, where he 
took freshman physics from Richard Feynman. The famous physicist’s 
charm helped persuade Nelson to major in physics. In his sophomore 
year, he met Gerry Neugebauer and Robert B. Leighton, two Caltech 
professors interested in infrared observing. Nelson helped them fabri- 
cate a novel and inexpensive 62-inch telescope mirror that was used in 
an important infrared sky survey. Still, he did not plan on being an as- 
tronomer. After graduating in 1965, Nelson began graduate school in 
physics at Berkeley. 

Nelson finished his doctoral thesis on elementary particle physics in 
1972 and took a position at Lawrence Berkeley Laboratory. The rela- 
tively unstructured environment there allowed him to pursue research 
in a variety of areas. He took part in particle physics experiments but 
was turned off by large-scale research. He published a few papers in as- 
tronomy during the 1970s and spent a fair amount of time making op- 
tical observations of pulsars at Lick Observatory and Kitt Peak. While 
he had some experience in building electronic instrumentation for 
telescopes, Nelson was not part of the relatively insular community of 
telescope builders, and he lacked serious credentials or redptnition 
among established astronomers.*8 - 

In the fall of the 1977, his life changed. The chair of Berkeley’s as- 
tronomy department asked Nelson to join a committee that was con- 
sidering the future of astronomy at the University of California. At 
that time, California astronomers were concerned that increased ur- 
ban light pollution around Mount Hamilton would doom Lick Ob- 
servatory.*? Some University of California astronomers were interested 
in building a conventional telescope around 100 or 150 inches in size 
at another site. A number of telescope projects of this size were al- 
ready underway at other institutions. Another one, Nelson recalled, 
just “didn’t have any sex appeal.”®° The University of California astron- 
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omers gradually became convinced that only a really big project, with a 
mirror 7 or even 10 meters in diameter, would get the attention and 
funding they needed. 

Nelson began to devote all his time to researching the design and 
construction of large telescopes. He knew a 10-meter telescope could 
not be built simply by scaling up conventional designs, so he studied 
blueprints, talked to people in the telescope-building community, and 
burrowed into Berkeley’s library. As he developed his design, Nelson 
received inspiration from two sources. 

Like the engineers and scientists who developed the Multiple Mir- 

ror Telescope, Nelson was intrigued with the design of radio tele- 
scopes. “The image I had in those naive days,” Nelson said, “was that 
one would build something that looked like a radio telescope, but the 
quality of the [mirror] surface would be that of an optical telescope.”®! 
Nelson knew that the reflecting surfaces of large radio telescopes were 
not monolithic structures, so he began to consider the optical analog 
of the segmented radio telescope design. Placed together, Nelson be- 
lieved, separate lightweight segments of glass controlled by a system of 
sensors and pistons could form the familiar parabolic reflecting sur- 
face of a conventional telescope. 
_ Nelson also began to interact with Kitt Peak engineers who were 
studying concepts for their 25-meter NGT project. “I realized there 
-was a whole field out there,” Nelson said, “which was nice to know.” 
He visited Kitt Peak about once a month to brainstorm and exchange 
ideas. Like Nelson, Kitt Peak engineers were also inspired by the de- 
sign of radio telescopes. In the summer of 1977, they were exploring a 
concept for the NGT called the “Steerable Dish.”® The design’s mir- 
ror had over 1,000 glass segments and was a direct descendant of the 
earlier PALANTIR project. 

Nelson’s regular visits to Kitt Peak and his examination of the Steer- 
able Dish design helped refine his concept for a 10-meter segmented 
telescope. Aided by a modest amount of seed money from Lawrence 
Berkeley Laboratory, he assembled a small team to develop his con- 
cept. One recruit was Terry S. Mast, a former Caltech classmate who 
was now a particle physicist at Lawrence Berkeley Laboratory. They 
were joined by George Gabor and Jacob Lubliner, engineers with ex- 
perience in hardware, electronics, and computer analysis of complex 


systems. 
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When Nelson first proposed that the University of California’s giant 
new telescope have a segmented primary mirror, he encountered a 
great deal of resistance. Some astronomers at the University of Califor- 
nia already had their own ideas for building a big telescope. One of 
these scientists was E. Joseph Wampler, an astronomer who had been 
on the Lick Observatory staff since 1966 and who was 10 years older 
than Nelson. Well known in the astronomy community, Wampler was 
the designer of sophisticated instruments and a skilled observer. His 
idea was to have a company such as Corning cast a large, but very thin, 
monolithic piece of glass for the telescope’s primary mirror. Wampler 
argued that a thin mirror, as large as 7 meters, would weigh much less 
than mirrors in conventional telescopes.® By using less glass and re- 
ducing the weight, the cost and engineering requirements of the en- 
tire telescope would be manageable, according to Wampler and his 
supporters. 

In the fall of 1977, Wampler and Nelson paid a visit to David S. 
Saxon, the president of the University of California. Saxon, a former 
theoretical physicist, listened to their design pitches. Both the 10-me- 
ter “mosaic mirror” and the slightly smaller “meniscus mirror” were 
clever and innovative alternatives to conventional telescope designs. 
Saxon found Nelson’s idea of a giant, segmented mirror particularly 
appealing. Encouraged by reports he heard about Nelson from Luis 
Alvarez and others in the physics community, he allocated $270,000 
for an in-depth study of the segmented design.® Donald Osterbrock, 
Lick Observatory’s director, appointed a special “graybeards” commit- 
tee of senior astronomers from the California university system to eval- 
uate the two designs and pick a winner. Nelson now faced rail 
battle to convince his colleagues, some of whom resented tHe young 
physicist’s boldness and good fortune, that a giant segmented mirror 
was the technological solution on which they should bet their careers. 

Soon after his meeting with Saxon, Nelson attended his first large 
telescope conference. In December 1977, over two hundred astrono- 
mers and engineers convened in Geneva for an ESO-sponsored meet- 
ing called “Optical Telescopes of the Future.” CERN had just com- 
pleted a 400-gigavolt particle accelerator and the astronomers were 
treated to a tour of the new physics facility. They could not help notic- 
ing the parallels between existing large accelerators and their own 
plans for the next generation of giant telescopes. 
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Nelson described his general concept for the University of Cali- 
fornia 10-meter telescope to his new colleagues. To save space and 
money, his design would, like the MMT, use an alt-az mount and as 
short a focal length as possible. The biggest challenge, of course, was 
making the primary mirror. Nelson presented a number of possible 
configurations for the segments, including the one he ultimately 
chose—an arrangement of hexagonal mirrors around a central hole 
for the Cassegrain focus. Each of the segments would be actively con- 
trolled by actuators to maintain the shape of the light-collecting sur- 
face. Nelson’s talk does not appear to have attracted much notice. At 
the meeting, his was only one of several papers given by astronomers 
with bold ideas for bigger telescopes. Donald Hall, for instance, de- 
scribed Kitt Peak’s progress on the NGT project. Several different de- 
sign concepts were under consideration, and staff astronomers, in con- 
junction with scientists from other institutions, had begun a parallel 
effort to articulate the scientific drivers for a 25-meter telescope. 

Other issues generated much more controversy among the astrono- 
mers gathered in Geneva. Traditional, ground-based astronomers 
were afraid that the upcoming launch of NASA’s Hubble Space Tele- 
scope would make their skills and facilities obsolete. This was (and re- 
mained throughout the 1980s) a cause of some concern for astrono- 
mers, mainly because of the uncertainties associated with new and 
untested tools. Many at the meeting asked how they could select the 
best design for new ground-based telescopes when they didn’t know 
what the Space Telescope’s capabilities or scientific payoff would be.” 

Attending his last large-telescope conference, Jesse Greenstein came 
to the 1977 meeting as the conference’s most distinguished and expe- 
rienced spokesperson. Greenstein attempted to alleviate some of his 
colleagues’ anxieties. On the meeting’s last day, Greenstein summa- 
rized his 40-year career as an observational astronomer who had used 
telescopes of every size and had experience with detectors ranging 
from simple photographic plates to the most sophisticated electronic 
devices at Palomar.® Unlike space telescopes, or even particle acceler- 
ators, large telescopes on the ground, Greenstein said, “last forever” 
and would remain the standard tool of the astronomer. He cautioned 
that the community was living on “borrowed glory.” Astronomers had 
already skimmed the cream from their exploration of new wavelength 
regimes—radio, x-ray, infrared—thus making future discoveries that 
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much harder. The fundamental question, as Greenstein posed it, was 
whether the optical astronomy community could, like physicists and 
radio astronomers, set aside individual, institutional, and national in- 
terests to unite behind a single big project. 

The Geneva meeting was the apogee of Kitt Peak’s NGT program. 
At that time, no other group had done as much work investigating pos- 
sible technologies, exploring designs, and interacting with the com- 
munity. Over 500 people were on the mailing list for the semiregular 
NGT reports, and Kitt Peak had taken the lead in the design of future 
giant telescopes.” Soon, Hall, Barr, and other Kitt Peak staff would 
watch as groups at the University of Texas, the University of Arizona, 
and ESO (along with the efforts of Nelson and Wampler) closed the 
gap and moved forward. 

Recent management changes at Kitt Peak and AURA did not help 
the NGT program. After Goldberg stepped down as Kitt Peak’s direc- 
tor, the AURA board chose Geoffrey Burbidge to succeed him in No- 
vember 1978. Burbidge, a theoretical physicist, was seen by some as an 
odd choice to manage an optical astronomy observatory. While some 
were turned off by his brash and blustery personality, his wife, Marga- 
ret, possessed impeccable credentials as,an observational astronomer. 
Both Geoffrey and Margaret had used the Kitt Peak facilities exten- 
sively. 

When he arrived at Kitt Peak, Burbidge encountered two major 
problems. Kitt Peak’s budget was declining and the institution still had 
not clarified its role as the national observatory. Many members of the 
AURA board (and the Users’ Committee it selected) believed that 
Goldberg had placed too much emphasis on developing Kitt Péak as a 
first-rate scientific institution at the expense of serving the visiting as- 
tronomers who were the primary telescope users. Burbidge, for exam- 
ple, recalled that some of the best instruments at Kitt Peak were only 
available to staff astronomers. “My charge,” he said, “was to make the 
observatory user-friendly so non-staff scientists didn’t feel they were 
second-class citizens.”” 

Once Burbidge took the reins as Kitt Peak’s director, the pendulum 
began to swing away from leadership in research toward service. This 
earned Burbidge high marks from AURA’s Users’ Committee but 
resulted in the swift departure of scientists whom Goldberg had re- 
cruited such as Steve Strom.” Burbidge also reduced the role that sci- 
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entists had in management and setting observatory policy. Kitt Peak’s 
perceptions of its conflicting roles was best illustrated by a cartoon in 
the KPNO Newsletter”? The drawing shows a man tugging on the sides of 
a house as he attempts to install a television antenna. The caption 
reads: “We are a research institute . . . a service institute . . . a service- 
research institute.” Pulled one way, then another, the house eventually 
collapses. 

While the NGT project fell into disarray, Jerry Nelson and his team 
continued to explore how to build a reliable and accurate segmented 
mirror. He had decided that the segments would be hexagons about 
1.8 meters on a side; the pieces of glass would be only 7 centimeters 
thick and consequently lightweight. Nelson and his team chose to 
make their mirrors from a special glass called Zerodur. Manufactured 
by Schott Glasswerke, a German company in Mainz, this glass was in- 
sensitive to temperature changes; therefore, dropping nighttime tem- 
peratures at the telescope would not cause changes in the mirror’s 
shape that would reduce image quality. 

Nelson’s immediate challenge was to demonstrate that he could fab- 
ricate the raw glass segments into the desired shape and control them. 
The overall shape of the mirror’s surface presented a special problem. 
To focus light from distant sources to a single point, the curvature of a 
mirror must be a parabola. A mirror with a spherical curvature, like 
that in the PALANTIR’s design, is easier to make but focuses light less 
precisely due to an effect known as spherical aberration. If a para- 
bolic surface is cut into segments, each piece is asymmetric and has a 
slightly different curvature from that of its neighbors. Due to this 
effect, Nelson’s fabrication of glass segments would be much more 
complex. 

The solution that Nelson and his team selected was based on a tech- 
nique developed in 1929 by the Estonian telescope maker Bernhard 
Schmidt. A Schmidt telescope uses a combination of lens and mirrors 
to image a very wide field. To fabricate the correcting lens for his tele- 
scopes, Schmidt carefully distorted the glass, polished it, and then re- 
leased the stress on it. The glass then relaxed immediately into the 
shape Schmidt had predicted. 

Nelson decided to use a similar approach to fabricate the 36 subtly 
different mirror segments needed to create a 10-meter parabolic mir- 
ror surface. Throughout 1978 and 1979, Nelson and Jacob Lubliner 
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did complex mathematical analyses to determine what forces they 
should apply to the edges of the low-expansion glass with which they 
were experimenting. After months of calculation and experimenta- 
tion, Nelson’s group discovered that, after suspending weights un- 
equally around a thin, 14inch disk and polishing it into a spherical 
surface, the glass acquired the desired asymmetric shape and proper 
curvature when the weights were released.” 

For Nelson, this was an important milestone. In November 1979, his 
concept passed an even more important test. The University of Califor- 
nia’s graybeards committee pitted Nelson’s design against Wampler’s. 
After much debate, disagreement, and a close vote, they picked Nel- 
son’s segmented-mirror technology. Within a few months, the Univer- 
sity of California regents, prodded by David Saxon, awarded Nelson 
over $1 million to refine his concept and develop a full-size proto- 
type.” 

While Nelson may remember 1979 as the year his innovative seg- 
mented-mirror design was finally taken seriously by his colleagues, it 
was also a banner year for new telescopes. That year, astronomers and 
engineers held ceremonies to dedicate four new facilities. Three of 
these were located on top of a remote,mountain called Mauna Kea 
(“white mountain” in Hawaiian), located in the center of the big is- 
land of Hawaii. Rising 13,800 feet above the sparkling ocean 50 miles 
away, the Mauna Kea Observatory formally opened in June 1970 when 
the University of Hawaii completed an 88-inch telescope there. Nine 
years later, several more telescope domes dotted the ridge surround- 
ing an extinct volcano. NASA and the United Kingdom each built 4- 
meter class telescopes specially designed for infrared observipf®. A sci- 
entific consortium of France, Canada, and the University of Hawaii 
completed a conventional 3.6-meter telescope as well. 

The 1970s, in fact, were a heyday for completion of new telescopes 
worldwide, most managed by consortia of institutions and internation- 
ally based. After the dedication of the 4-meter telescopes at Kitt Peak 
and Cerro Tololo, another 4-meter class telescope jointly operated by 
Great Britain and Australia entered service in 1975. A year later, ESO 
began operating a conventional 3.6-meter telescope in Chile for its Eu- 
ropean member states. 

In 1976, the Soviet Union outgunned all of these when its engineers 
and astronomers finally completed the Bolshoi Teleskop Azimutal’ny 
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(“large alt-azimuth telescope”). The behemoth featured a massive, 6- 
meter mirror, making it the world’s largest telescope. It was also the 
first giant optical telescope to break tradition and use an innovative 
alt-az mount. Most Western scientists, some perhaps motivated by Cold 
War rivalry, dismissed it as a Soviet megaproject built more as a dem- 
onstration of the state’s technical prowess rather than as a precision 
scientific tool. Stories circulated in the astronomy community about 
the poor quality of the telescope’s location and the faults of its mas- 
sive 42-ton mirror resulted in the telescope’s reputation as a curiosity 
rather than as a first-class scientific tool.” 

An exception to this burst of relatively conventional telescopes was, 
of course, the Multiple Mirror Telescope. On May 9, 1979, after a dec- 
ade of design and construction, staff from the Smithsonian and the 
University of Arizona gathered on Mount Hopkins to dedicate the fa- 
cility. Already a buzz of excitement surrounded the new telescope. Ear- 
lier that year, astronomers at nearby Kitt Peak had observed two faint 
blue quasars in the constellation Ursa Major that were separated by 
only six arc-seconds. Closer examination of their spectra with radio 
telescopes showed that the quasars were practically identical. Scientists 
proposed several possible explanations for this phenomenon, includ- 
ing the idea that the objects were the first example of a binary quasar. 
The MMT would provide the answer. 

On the afternoon of April 20, Frederic H. Chaffee, an astronomer at 
Mount Hopkins, and Ray Weymann from the University of Arizona, 
loaded an old spectrograph into a pickup truck, bounced up the road 
to the MMT, and mounted the instrument on the telescope. Engineers 
and technicians were still debugging the complex computer and mir- 
ror-control systems but, for three nights, Chaffee and Weymann col- 
lected data with the new telescope. Chaffee, who later became the di- 
rector of the MMT Observatory, recalled, “Within half an hour of 
when we had first pointed the MMT, we could see the data coming in 
and you realized what it was. It was just one of these epiphanies. I re- 
member going out into the dome and just screaming with joy.”” 

The “binary quasar” was actually a single quasar. Between it and the 
MMT’s mirrors was a massive elliptical galaxy. The image of the quasar 
was split by the intervening galaxy’s gravitational field so it appeared 
to observers as dual objects with identical redshifts and spectra.” What 
had excited Chaffee so much turned out to be the first gravitational 
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lens. The discovery brought the MMT a good deal of attention and 
some grudging respect from critics as Weymann and Chaffee demon- 
strated that it could indeed be a productive research tool. Moreover, 
the news suggested that an even larger version of the MMT might be 
the best design for future large telescopes. 

In January 1980, Geoffrey Burbidge and the Kitt Peak staff hosted a 
conference at the national observatory in response to the snowballing 
interest in new telescopes. This was the first major American meeting 
devoted to telescopes since 1965. Over 200 scientists, engineers, and 
science managers from all over the world attended and presented pa- 
pers ranging from the specifics of optical design to how to balance 
money, science, and politics in astronomy. The meeting took place as 
the National Academy of Science was carrying out its third decadal re- 
view of astronomy, chaired this time by George B. Field of the Harvard- 
Smithsonian Center for Astrophysics. 

The meeting was significant for two reasons. It was the first such 
meeting that the national observatory organized, thus indicating Kitt 
Peak’s then-prominent role in planning and designing the next gener- 
ation of telescopes. The conference also demonstrated that astrono- 
mers’ interest in the design of future instruments had reached a criti- 
cal mass. “We learned first-hand just how strong the interest was in so 
many places,” one participant said, “It was very clear that lots of groups 
weren t just talking about big telescopes but that they were beginning 
to do things. 1980 and onward was when serious development work 
started.”” 

Several common themes emerged from the presentations, panel dis- 
cussions, and lunchtime conversations that attendees share@' during 
the six-day meeting. There was a great deal of discussion about the ca- 
pabilities of new technologies and how these would affect astrono- 
mers. One of the new tools was the charge-coupled device (CCD). 
CCDs resemble photographic plates in that they not only record the 
amount of light hitting them but also where that light falls. They are 
made of tiny, light-sensitive capacitors with an array of electrodes sand- 
wiched on the thin surface of a semi-conducting material. Light falling 
on each pixel of the CCD generates an electric current proportional 
to the number of photons hitting it. CCDs store this charge and this 
electronic signal is read out to form an image. 

As was the case for early electronic detectors, astronomers found 
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themselves adapting a commercial product originally developed for 
other purposes for use at the telescope. Researchers at Bell Labs first 
revealed CCDs to the public in 1970. The military, of course, had al- 
ready integrated them into its latest photoreconnaissance satellites.” 
Beginning in the early 1970s, astronomers began to experiment with 
these devices at ground-based telescopes. A few years later, scientists 
convinced NASA and their colleagues that instruments on the Hubble 
Space Telescope should use the new solid-state technology.* 

In the 1970s and 1980s, CCDs were very expensive and, unlike pho- 
tographic plates, they were small and thus not well suited for record- 
ing large areas of the sky. CCDs, however, were much more efficient 
and sensitive than the photoelectric devices and image tubes that 
astronomers had developed during the 1950s and 1960s. The electron- 
ically generated images could be stored in digital form and later mas- 
saged by computer-processing techniques to improve a picture’s reso- 
lution, adjust the contrast, and remove undesirable noise.*! By the late 
1970s, the number of publications about the astronomical uses of 
CCDs had exploded. Lauded as the detector of the future, several as- 
tronomers at the 1980 Tucson conference insisted that they should fol- 
low the space astronomers’ lead and incorporate CCD technology into 
any new telescope designs. 

Anxieties and expectations that astronomers had about NASA’s plans 
for space telescopes, then scheduled for launch in the mid-1980s, were 
powerful. Leo Goldberg emphasized that the Hubble Space Telescope 
and the NGT (or its equivalent) would and should complement each 
other, and “erase completely the dividing line between ground-based 
and space-based astronomers.”*? 

Goldberg also stressed that the case would be weak for a national, 
federally funded telescope featuring anything smaller than a 20-meter 
mirror. Its support among astronomers and congressional members 
would be reduced further if it did not have unique capabilities, like be- 
ing optimized for infrared as well as optical observing. Finally, and per- 
haps most importantly, Goldberg insisted that unless optical astrono- 
mers united behind a single large project (as radio astronomers had 
done for the Very Large Array 10 years earlier), no NGT, regardless of 
design, was going to be built. 

Goldberg’s warning stemmed from a noticeable and, to some, 
alarming trend seen at the conference. There were now over half a 
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dozen serious efforts underway worldwide to build telescopes larger 
than the 200-inch and Russia’s 6-meter telescope. Who would fund 
and build all of these telescopes? Speakers lamented the fragmenta- 
tion of the astronomy community’s efforts throughout the meeting 
and implored their colleagues to get behind a single project and move 
forward. Neville J. Woolf, from the University of Arizona, took this a 
step further and made a spirited call for Kitt Peak to shrug off its repu- 
tation of having second-class citizenship and take the lead in uniting 
efforts, even internationally.*® 

Several representatives from the NSF attended the meeting. They 
were not shy about offering opinions about the challenges facing as- 
tronomers. Larry Randall, who took a management position at the 
NSF after leaving Kitt Peak, told astronomers that they were “very con- 
servative, made up of individualists, and quite parochial.”** William 
Howard, a former radio astronomer in charge of the NSF’s Astronomy 
Division, attempted to explain funding and political realities to the sci- 
entists who depended on his agency’s support. He reminded them 
that George Field’s decadal review could not make precise recommen- 
dations if astronomers simply presented it with a “smorgasbord of ac- 
tivity” and failed to support a particular plan. The Office of Manage- 
ment and Budget was even less likely to ignore a lack of unity among 
optical astronomers; it did not distinguish between space, radio, and 
optical astronomy. To this important agency, a telescope was a tele- 
scope was a telescope. 

To help put their ideas and ambitions in perspective, Howard sug- 
gested that they take the cost of the Very Large Array (about $106 mil- 
lion in 1980 dollars) and develop a concept around that beft! mark. 
“The instrument ought to be designed in such a way that it i$ nation- 
ally available, to the extent that national funds are used,” Howard said, 
“and it should be sufficiently general purpose to assure broad partici- 
pation and support by as many different subgroups of optical and in- 
frared astronomy as exist.”®5 Congress, he warned, had noticed that 
“not a significant number of optical facilities have been closed down,” 
and he suggested that optical astronomers be more receptive to clos- 
ing older telescopes, as the radio community had done, in order to 
present a more sympathetic case.%6 

Scientists now appeared to have several possible strategies they could 
follow in order to realize the next generation of giant telescopes. 
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Astronomers from the University of Texas showed evidence that a thin 
and lightweight glass meniscus could serve as a light-collecting area if 
properly supported, while a telescope using several 5-meter mirrors— 
a scaled-up MMT—on a common mount was an option that astrono- 
mers from the University of Arizona liked. Scientists and engineers 
gave Jerry Nelson a round of applause when he showed data proving 
that the “bend and polish” technique he championed had yielded a 
small prototype for a segmented mirror. One engineer was moved to 
remark, “Given what I see now, plus some money, we engineers will 
give you guys the moon.”*’ 

Despite these movements toward consensus, as the Reagan era be- 
gan, the divide between optical astronomy’s “haves” and “have- 
nots” continued to grow. Astronomers and engineers found them- 
selves wanting not only money but also community consensus and a 
demonstratively superior technological path to larger telescopes. 


CHAPTER 4 


Paper Telescopes 


In 1980, when Kitt Peak held its “Telescopes for the 1990s” conference, 
a minority of scientists still contended that a collection of smaller 
telescopes was superior to a single large facility. “After all,” one said, 
“more astronomers go to work in a Volkswagen than a Rolls-Royce or 
Ferrari.” Most astronomers, however, and engineers agreed that big- 
ger was better, not least because giant telescopes were more likely to 
generate crucial political and public support. As one advocate of big- 
ger telescopes phrased it, there was simply an “undeniable excitement 
and allure of very large projects” that was hard for the public and poli- 
ticians to resist.? 

Astronomers’ desire for bigger telescopes transcended public rela- 
tions and political strategy. Larger telescopes promised, first and fore- 
most, to be essential research tools. As such, scientists needed’ offer 
compelling scientific justifications for the massive amount of fime and 
money their construction would demand. One of the more outspoken 
champions of bigger telescopes was Sandra M. Faber. An astronomer 
at Lick Observatory, Faber also served on George Field’s decadal sur- 
vey committee from 1979 to 1981. She worked hard to develop and im- 
press upon her colleagues the justifications for building bigger tele- 
scopes, especially the California 10-meter project. 

Large telescopes offered astronomers the opportunity to do more 
than just collect more light. With increased size came improved angu- 
lar resolution, the ability to observe fainter objects and to carry out re- 
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search much more quickly—as much as a factor of 200 times more ef- 
ficiently at some wavelengths, according to calculations by Faber and 
others. 

Such new capabilities would, Faber argued, “open up virgin ter- 
ritory that would otherwise remain beyond our reach.” One area 
astronomers were especially interested in understanding was the large- 
scale structure of the universe. Before about 1980, theoretical astrono- 
mers generally accepted that, at sufficiently large scales, matter 
throughout the universe was distributed uniformly as the standard Big 
Bang model suggested. Photographs taken of galaxies showed them 
adrift in space, everywhere bunched in small groups. Occasionally, 
however, astronomers saw thousands of galaxies in superclusters that 
were millions of light years across and clumped together by gravita- 
tional attraction. 

About the same time that the Field committee was writing its re- 
port, astronomers’ observations began to suggest that the universe 
was a lot lumpier and more confusing place than theorists had imag- 
ined. In 1981, for example, a team of astronomers led by Harvard’s 
Robert P. Kirshner found an immense void in the direction of the con- 
stellation Bootes. In this region, some 150 million light-years across, 
the density of bright galaxies was only about 20 percent of their typical 
value throughout the universe.‘ Initial surveys of galaxy distribution 
helped astronomers develop three-dimensional maps of galaxies in 
space that suggested they were not distributed randomly but instead 
formed great sheets with vast empty regions between them. 

Many astronomers became extremely interested in understanding 
how common such large-scale structures were and how they could 
have formed. Larger telescopes were seen as one tool to look more 
deeply into space (and, thus, back in time) to measure the redshifts— 
the amount by which the wavelength of light from a receding astro- 
nomical object is lengthened—of large numbers of distant galaxies 
and their distribution more rapidly than could be done with smaller 
instruments.® Improved understanding of large-scale structure was, of 
course, only one of a myriad number of research areas in which astron- 
omers like Faber saw a role for large telescopes. Bigger instruments 
would also “open the door to qualitatively new science” in the study of 
quasars, the distribution of so-called dark matter, and the evolution of 
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galaxies. In short, there were few research areas that would not benefit 
from new and bigger telescopes and astronomers were understandably 
eager to see them built as quickly as possible. 

By 1980, the National Science Foundation had spent almost 
$900,000 on the Next Generation Telescope program. There was dis- 
appointment both at Kitt Peak and in the science community at the 
slow progress the national observatory was making toward a new na- 
tional telescope. Some engineers and astronomers at Kitt Peak were 
just as frustrated by the NSF’s apparently contradictory advice that 
they explore many new telescope technologies and, at the same time, 
build a working instrument.® 

In 1979, Harlan J. Smith was the director of McDonald Observatory 
and chair of the University of Texas’s rapidly growing astronomy de- 
partment in Austin. The 55-year old astronomer was also the chair of 
Kitt Peak’s advisory committee for the Next Generation Telescope. He 
was concerned about the excessive period of time needed to design, 
fund, and build a new large telescope. Smith and other astronomers 
thought that bigger and better space telescopes might soon become 
cheaper than ground-based observatories. As Smith expressed it, “the 
several hundred million dollars which the 25-meter NGT would repre- 
sent might prove to be our equivalent of . . . building battleships rather 
than aircraft carriers.” If true, then these “immensely expensive invest- 
ments of relatively limited utility” might soon have to be abandoned.’ 
Anxious that space telescopes might supplant ones on the ground, 
Smith and others advised Geoffrey Burbidge that Kitt Peak should 
start a new ground-based project as soon as possible, even if this meant 
scaling back its large telescope dreams to the more ianageabigend af- 
fordable size of 15 meters. 

Soon after the January 1980 telescope conference, Kitt Peak an- 
nounced an exploratory development program for a national 15-me- 
ter telescope.’ Larry Barr recalled, “We needed to focus our efforts 
and scaled down from 25 meters to 15. Not because of any overwhelm- 
ing justification for the size but because we felt we could probably 
build a 15 meter telescope where 25 meters was going to be a real 
stretch.”? Concomitantly, Kitt Peak soon proposed a different organi- 
zational arrangement for building a new national telescope than it 
had pursued in the 1970s. 


At this time, Kitt Peak, along with the state universities of Arizona, 
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California, and Texas, was among the most serious contenders for 
building the first of the new generation of giant telescopes. However, 
none of these institutions had the technological expertise and fully 
refined designs necessary to win funding or start construction. Bur- 
bidge, therefore, initiated a collaboration whereby Kitt Peak and the 
three universities would jointly propose a Technology Development 
Plan to the NSF. By late 1981, Kitt Peak announced that the NSF had 
finally approved the cooperative plan. Kitt Peak now had $500,000 
available for a three-year technology development study and its new 
project had a name—the National New Technology Telescope 
(NNTT).?° 

This collaborative approach did not provide the prominent leader- 
ship role for the national observatory that Leo Goldberg had envi- 
sioned when he began the NGT program. Under the new scheme, Kitt 
Peak would no longer be the sole, or even primary, institution design- 
ing the giant telescope. Instead, Kitt Peak would serve as a coordina- 
tor, by distributing research and development funding to the three 
universities and consolidating their knowledge and experience into a 
final design for the NNTT. While some of the technology development 
would be done at the national observatory, most of it would become 
the province of university-based astronomers and engineers. 

If the experiences the science community gained from the Next 
Generation Telescope program and other efforts demonstrated one 
thing, it was that the main technical obstacle for bigger telescopes was 
still the primary mirror. Historian Thomas P. Hughes referred to this 
type of barrier as a “reverse salient,”!! comparing the continual im- 
provements made to a technological system with an unevenly expand- 
ing military front. The development of some system components often 
lagged behind that of others, thus hindering the overall improve- 
ment of the system. After the 200-inch went into service, astronomers 
focused on electronic detectors. By 1980, their investments of time 
and energy resulted in older telescopes having greater light-collecting 
efficiency. To collect more photons, bigger mirrors were the favored 
solution. Astronomers and engineers advocated three different tech- 
niques for making these mirrors. None was clearly superior and com- 
petition was fierce, even antagonistic, as the proponents of the differ- 
ent techniques sought to convince the science community and its 
patrons to adopt their approach. 
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The first of these approaches was being pursued by the University of 
Texas. The University, then awash in money from Texas oil fields, 
wanted to build a new telescope with a 7.6-meter mirror. By the end of 
1981, Texas astronomers had raised over $600,000 toward their goal 
(of an estimated total cost of about $45 million) and were looking for 
one or two generous donors to make up the rest. The Texans wanted 
to win the race for the next giant telescope quickly and with a mini- 
mum of untried technological innovation. As one of them said, “We 
would like to design by the process of unabashed piracy. Other people 
have good ideas. Let’s adopt them.”!* 

The Texans began designing their telescope around a single, thin 
piece of glass—a so-called meniscus mirror. In keeping with their de- 
sign philosophy, they chose an approach that was not entirely novel. In 
fact, it was similar to what Joseph Wampler had unsuccessfully pro- 
posed for the University of California’s 10-meter project a few years 
earlier. The Texans planned to have a commercial firm make the 7.6- 
meter mirror from zero-expansion glass. Another optics company 
would then grind and polish the 4inch-thick piece of glass. The thin 
profile would minimize the mirror’s weight, while the special glass 
would prevent temperature differences between the glass and air from 
producing any convection currents at the mirror surface. Such differ- 
ences might degrade the telescope’s performance (think of heat waves 
rising above a hot road).!3 

Clearly, however, the NNTT project could not take this same techno- 
logical path. It simply wasn’t possible to cast and polish, let alone pre- 
cisely support, a thin glass disk 15 meters wide. As a result of i _its prior 
commitment to its own telescope project, the University of Tex)s’s role 
in the NNTT project was limited. The Texas astronomers continued to 
pursue their own project alone with little financial support from Kitt 
Peak’s technology development program. Their plans were derailed a 
few years later, however, when the oil economy in Texas collapsed. As 
donations dried up, astronomers watched their telescope project go 
into hibernation for several years. 

By late 1981, only two mirror options remained as serious contend- 
ers for the 15-meter NNTT design. Jerry Nelson and astronomers from 
the University of California proposed the first. Nelson’s vision of the 
NNTT was taken from the California 10-meter telescope’s segmented 
mirror design. The mirror’s parabolic surface would be constructed 
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from several dozen small, lightweight pieces of glass made and pol- 
ished by a commercial firm. Despite the university’s ample funding for 
technology development, Nelson and his colleagues still faced the 
challenge of building a prototype that demonstrated an inexpensive 
means of polishing and shaping several dozen mirror segments pre- 
cisely, joining them into a parabolic surface, and controlling them pre- 
dictably and reliably. 

The second design came from astronomers at the University of Ari- 
zona. As early as 1979, Arizona astronomers expressed a preference for 
an even bigger version of the new and innovative telescope on Mount 
Hopkins they co-owned with the Harvard-Smithsonian Center for As- 
trophysics.!4 At the 1980 telescope conference, astronomers from the 
University of Arizona described a giant multiple-mirror telescope that 
would combine eight 5-meter mirrors. The result, they claimed, would 
be a giant telescope that would cost far less than any other comparable 
design.!5 Therefore, it surprised few people when Arizona scientists 
and engineers advocated a scaled-up rendering of the Multiple Mirror 
Telescope for the NNTT a few years later. 

The University of Arizona operated an astronomy department as 
well as its research division, Steward Observatory. Both were led at that 
time by Peter Strittmatter. A British-Swiss astronomer, Strittmatter did 
his doctoral work in the early 1960s at Cambridge University. As a post- 
‘doctoral student, he came to the United States, first visiting Princeton 
and then the University of California. He did his first significant night- 
time observing with Margaret Burbidge at Lick Observatory and pub- 
lished several papers on quasars and white dwarfs. Strittmatter found 
the Burbidges fun, unpretentious, and even verging on rebellious. His 
pioneering spirit also emerged in his enthusiastic support for the orig- 
inal Multiple Mirror Telescope and his avocation of larger versions 
of it.! 

Strittmatter’s political skills and his ambitious—some even said arro- 
gant—management style helped him become Steward Observatory’s 
director at the young age of 35. Goldberg soon asked him to join 
the scientific committee responsible for articulating the research pos- 
sibilities for the Next Generation Telescope. After the committee’s re- 
port appeared in 1980, Strittmatter became frustrated with Kitt Peak’s 
progress toward a large telescope. He was familiar with the national 
observatory, having been offered its directorship in 1977.'’ He likened 
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Kitt Peak’s role to that of the Duke of Plaza-Toro, who led his troops 
from the rear in Gilbert and Sullivan’s The Gondoliers. Strittmatter 
doubted the ability of the national observatory to design and build a 
giant telescope that was a leap beyond anything it (or anyone else) had 
done before. In his view, the cooperative technology development 
program that Kitt Peak had established with the three universities 
gave the national observatory the semblance of leadership while uni- 
versity-based scientists and engineers did the actual design and devel- 
opment.'8 

Like Jerry Nelson, the Arizona contingent planned to expand on a 
familiar design with which they had personal experience. The original 
Multiple Mirror Telescope was made possible because Aden Meinel 
obtained valuable military-surplus mirrors. Such good luck was not go- 
ing to happen twice. As a result, the biggest challenge facing the Uni- 
versity of Arizona coalition in 1981 was how to obtain several light- 
weight mirror blanks, each as big or bigger than any in the world. 
Turning their backs on exotic and expensive low-expansion glasses, 
Strittmatter and the Arizona astronomers chose to return to the tech- 
niques and materials Corning had used to cast the mirror for the 200- 
inch telescope decades earlier. Instead of relying on industry, the Ari- 
zona group proposed the much more daring strategy of making its 
own mirrors. 


The Great Leap Backward 


In 1980, when Strittmatter returned to Tucson after a sabbatical, he 
heard that one of his department’s astronomers was exct about 
ideas for making large mirrors. He asked Strittmatter for permission 
to use a loading dock near Steward Observatory for glass-melting ex- 
periments. “I asked him what kind of mirrors he wanted to make,” 
Strittmatter said, “and he replied, ‘8-meter mirrors.’ I managed to con- 
tain my mirth and that’s how it moved from his backyard to Steward.”!9 
The astronomer was James Roger Prior Angel and he would do as 
much as any single person to change the postwar concept of giant tele- 
scopes. Roger Angel grew up in a small town near London in wartime 
England. From an early age he tinkered with electronics, fixed radios, 
and built gadgets like a primitive acoustical radar. Aside from national 
pride in the famous Jodrell Bank radio telescope, he didn’t have any 
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significant interest in astronomy as a child.2? When it came time for 
university studies, Angel had the choice between studying engineering 
at Cambridge or physics at Oxford. Physics was more appealing so he 
headed to St. Peter’s College at Oxford. After graduating in 1963, he 
spent a year at Caltech before returning to Oxford for his doctorate. 
While in England, he built experimental equipment for atomic spec- 
troscopy. 

After finishing his doctoral degree in 1967, Angel accepted a post- 
doctoral position at Columbia University. He began to help build 
rocket-borne experiments to do x-ray astronomy that were launched 
from White Sands Missile Range. He enjoyed the pace of the work. 
“You could conceive of a new experiment, build the equipment, inte- 
grate it into some rocket with the telemetry, take it to New Mexico, get 
your data, analyze it, and write it up. The whole cycle might take 18 
months. It was on a very human scale.”?! Angel began to combine re- 
sults from optical observations with his rocket data. He and his collab- 
orators used telescopes at the McDonald Observatory in Texas and 
Palomar, often bringing equipment they had built themselves. Angel, 
trained as an experimental physicist, also brought a different attitude 
from that of traditional astronomers. “We treated observing almost 
like a physics experiment,” he said. “The telescope was just something 
to bring light to your detectors.” 

Angel’s research attracted the attention of senior astronomers like 
Jesse Greenstein, and he moved from Columbia to a new post at the 
University of Arizona. During that time, Angel became increasingly in- 
volved in designing astronomical instrumentation. The plethora of 
telescopes near the University of Arizona made it convenient to build a 
new gadget and try it out quickly. The design and commissioning of 
the MMT provided yet another inspiration for Angel. 

One of Angel’s close collaborators was Neville J. Woolf. Like Angel, 
he was British with a background in experimental physics. After Woolf 
moved into theoretical and observational astronomy, they published 
over 40 papers together. Woolf and Angel regarded instrument build- 
ing as an entirely appropriate activity for astronomers. After coming 
to Arizona in 1977, Woolf became an advocate of the MMT?’s design 
and encouraged Angel to imagine a bigger version of it. They were 
impressed with the performance of the MMT’s mirrors, made light- 
weight by their honeycomb design. Angel soon plunged into the same 
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area of investigation that George Ritchey had pursued 50 years ear- 
lier—making very large, yet lightweight, honeycomb mirrors. 

After attending the 1980 Kitt Peak conference on large telescopes, 
Angel used some insulating bricks and an electric heater coil to build a 
small kiln at home. He melted glass from a fluorescent lighting tube 
first before graduating to Pyrex custard cups. It was around this time 
that Angel began seeking lab space, partly kucause his family had no- 
ticed that the backyard experiments were diminishing their supply of 
kitchenware.” For years, Angel kept chunks of fused glass interspersed 
with bits of firebrick in a storage closet near his office as a reminder of 
his early experiments. 

At the end of that summer, John M. Hill, a graduate student in his 
early twenties working with Angel, returned to Tucson. Hill chose the 
University of Arizona because of its reputation for developing astro- 
nomical instrumentation. His dissertation research, on which Angel 
was an advisor, described techniques for using optical fibers to take the 
spectra of many objects at once—multiobject spectroscopy, in astrono- 
mers’ parlance. Angel showed Hill the Pyrex cups he had fused to- 
gether and told him that they could make telescope mirrors this way. 
Despite the occasional black widow spider in their equipment, the 
whole endeavor stirred Hill’s enthusiasm, and the two scientists began 
to scour craft shops in Tucson for useful materials.23 

One of their early ideas was to make mirror blanks in the same way 
that commercial firms had fabricated the lightweight mirrors used in 
the MMT and the Hubble Space Telescope. Angel and Hill delved into 
the technical literature about mirror making. Angel’s files from this 
period contain papers dating to the 1930s on glass-melting te ppolony 
unclassified reports on lightweight mirrors for spy satellites, and tech- 
nical publications from Corning and Kodak. 

Hill and Angel began to wonder whether, instead of joining many 
pieces of glass as Ritchey had done, casting a mirror blank from mol- 
ten glass was the best route. Unlike many commercial mirrors, which 
were made from expensive, low-expansion specialty glasses, Angel and 
Hill opted to use ordinary borosilicate glass. Similar to Pyrex, it was 
much cheaper than the fancier low-expansion glasses. It also melted 
at a much lower temperature, making it easier to cast into complex 
shapes.** Because they had chosen to make mirrors using techniques 
and materials similar to those employed by the workmen who cast the 
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200-inch mirror, some astronomers joked that Angel’s approach was 
the “great leap backwards.”*> 

Initial funding for Angel’s work came from the University of Ari- 
zona, but there was comparatively little of it. After the NSF funded 
Kitt Peak’s technology development proposal for the NNTT in 1981, 
Geoffrey Burbidge directed much of the money to support Arizona’s 
mirror-making experiments. Angel’s “mirror group,” as it was called, 
received $60,000 the first year, $150,000 the next year, and more after- 
ward.*6 

The mirror group soon grew to about half a dozen people. Angel re- 
located its operations to the basement of the Optical Sciences Build- 
ing a few hundred yards away across campus. In their new home, they 
built a furnace big enough to melt enough glass for a 2-meter mirror 
blank. At a conference in Germany in 1981, Angel and Hill presented 
their first paper that described detailed plans to make honeycomb 
mirrors of borosilicate glass.27 Acknowledging their debt to Ritchey, 
the MMT, and spy satellite mirrors, they showed a test casting 60 centi- 
meters in diameter and reported plans to build a bigger furnace for 
making mirror blanks as large as 8 meters. While this paper was an 
early demonstration of their technique’s possibilities, the unrealistic 
schedule they outlined would bedevil Arizona mirror-making efforts 
for years. 

The classic way of making a mirror blank was to cast it in a stationary 
furnace with a flat surface and then have a team of opticians labori- 
ously grind the glass away until it had the proper curvature. Angel pro- 
posed doing away with this onerous intermediate step by melting the 
glass in a specially designed rotating furnace. When a liquid is rotated 
at a constant velocity, its surface assumes the shape of a parabola, 
which was exactly the curvature astronomers needed.” 

Angel’s basic plan was as follows: Place small chunks of borosilicate 
glass, which melts at about 1200° CG, in the bottom half of the rotating 
furnace. Stack the glass on a mold of ceramic cores held in place with 
silicon carbide pins. Lower the dome of the furnace, lock it in place, 
and begin heating. As the temperature slowly rose, the furnace would 
begin to rotate. The glass would gradually soften and flow through the 
carefully spaced gaps around the solid ceramic cores, while a smooth 
surface of glass formed on top of them. The furnace’s rotation would 
force the surface of the glass into a parabolic shape and this top layer 
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would become the mirror’s faceplate. After a long cooling period, the 
furnace would be opened. The glass disk would be lifted out and tech- 
nicians using high-pressure water jets could wash away the mold mate- 
rial. What was left would be a glass mirror blank with a roughly para- 
bolic surface and mostly hollow honeycombed interior. 

Angel, Hill, and the other members of the Arizona mirror group 
developed and refined this basic mirror-casting process over many 
months. It entailed solving a whole host of mechanical and materials 
problems in a cut-and-try fashion along the way. The mirror group’s 
logbook entries say a great deal about the technical problems they 
contended with daily and their feverish pace of work. On August 14, 
1982, after pulling several late shifts babysitting their furnace, John 
Hill scrawled that he was finally “going home to sleep in a real bed.” 

Throughout 1982 and into 1983, Angel and the mirror group con- 
tinued to practice mirror casting. Their work in the basement of the 
Optical Sciences Building often wreaked havoc when soot from the 
furnace interfered with more precise optics research. Supplied with 
another $250,000 from Kitt Peak, they gradually moved their opera- 
tion to an abandoned Jewish temple on the fringe of the campus. 
Engineers held meetings in the former rabbi’s office and the staff 
painted a big window in the building to resemble the hexagonal pat- 
tern of the molds in which they melted their glass. In its early days, the 
Steward Observatory Mirror Lab, as it became known, relied on stu- 
dent volunteers who formed a tightly knit group, dating each other 
and, in one case, marrying. Articles about their activities began to ap- 
pear with increasing frequency in astronomy publications and popular 
science magazines.°*? RP 

One of the Mirror Lab’s most challenging tasks was buildiky a pro- 
totype rotating furnace. Daniel Watson was one of the first students 
hired as a technician and he worked at the lab for almost 20 years. He 
and the other staff helped build the first rotating furnace from scav- 
enged parts. They mounted the furnace structure on top of a large 
ball bearing taken from a decommissioned radio telescope.*! An “oven 
pilot” rode on the rotating furnace—sitting in a seat liberated from 
a 1966 Ford Mustang—and monitored the casting process by keep- 
ing a close eye on the furnace temperature and the rotation speed. 
Watching the computer monitors while spinning up to 15 times per 
minute made more than one person sick. Dan Watson was one of the 
few who mastered the art of staring straight ahead for several hours 
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with stereo speakers strategically placed to either side of his head while 
he oversaw the casting. Part of his success, Watson claimed, was due to 
a diet of dark beer and Mexican food.*? 

Pursuing a technological solution for bigger telescope mirrors, how- 
ever, was not enough. Like Jerry Nelson with his segmented mirror, 
Arizona astronomers also had to convince the science community that 
honeycomb borosilicate mirrors were the right path to bigger tele- 
scopes. This meant getting mirrors out of the lab and into the ob- 
servatory. Establishing credibility for their technology was a time- 
consuming, but necessary, task for Angel, Woolf, and Strittmatter. 
They worked extensively to convince colleagues planning new tele- 
scopes to base their designs around the lab’s forthcoming giant 
mirrors.*° | 

Unlike Jerry Nelson’s mirror technology program, Angel and the 
Arizona operation did not have the benefit of a large amount of seed 
money. By 1983, the NSF, through Kitt Peak’s technology development 
plan, had given the Mirror Lab almost $500,000. This funding was in- 
cremental and much less than the resources the University of Califor- 
nia made available to Nelson. The Mirror Lab slowly inched its way to- 
ward ever-bigger castings. The first mirror blank to come out of the 
rotating furnace at the former temple was only 75 centimeters in diam- 
eter. Angel’s lab had a long way to go before one of his mirrors became 
the foundation for a world-class giant telescope. 


Dueling Designs 


The competition between segmented and honeycomb mirror technol- 
ogies for the NNTT became an exciting race. Since the 1980 telescope 
conference, Jerry Nelson and his mirror team had labored to design 
and build a full-scale prototype that demonstrated their ability to pre- 
cisely control mirror segments. They concentrated their tests on a 1.8- 
meter hexagonal mirror segment linked to a second reference seg- 
ment. Nelson’s group built the apparatus to test the ability of its sensor 
and actuator systems to control the two segments with respect to one 
another. Although Nelson said that scaling up from the prototype to a 
10- or even 15-meter mirror would be “just like paving your bathroom 
floor,” getting to this stage of technical readiness would take several 


years.** 
While much of Nelson’s focus remained on the University of Califor- 
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nia’s 10-meter telescope, the techniques developed by his group were 
directly applicable to the 15-meter NNTT. Each segment in the tele- 
scope would rest on three actuators. These would apply small forces 
over a hundred times a second to adjust the segment’s position with 
submicron accuracy. Nelson’s team designed supports that would keep 
the segments centered both in side-to-side and up-and-down direc- 
tions. Sensors also had to be designed that could register the relative 
positions of all the segments and transmit the information many times 
a second to maintain the global shape of the mirror. All of these parts 
had to work reliably in cold and harsh mountain conditions and be 
easily reproduced to boot. A schematic of the entire segment control 
system for the 10-meter telescope was tremendously complex—168 
sensors, 108 actuators, dozens of segment supports all woven together 
by a web of wires and feedback mechanisms. Plans for the 15-meter 
NNTT were even more complex and, for both telescope designs, com- 
puter control and modeling simulations were essential tools. Where 
Roger Angel’s approach harked back to a time when teams of muscled 
workmen ladled hot glass into mirror molds, Jerry Nelson’s team was 
staking its reputation on microelectronics, computer software, and sys- 
tems engineering. 

Burbidge’s support of the NNTT program brought a significant shift 
in the national observatory’s role. Other than helping Nelson develop 
the hardware, computer programs, and techniques necessary to test 
his stressed-mirror polishing approach further, Kitt Peak engineers 
and astronomers were largely confined to roles as technical managers 
for the NNTT project. Astronomers and engineers from the Arizona 
and California universities took over much of the importaniy echno- 
logical development and telescope design. Each institution ih the co- 
operative effort hoped to derive some special benefits that would fur- 
ther its own telescope ambitions. While this approach had payoffs for 
Angel, Nelson, and their colleagues, it established a relationship be- 
tween Kitt Peak and the other institutions, especially the University of 
Arizona, that would be problematic, if not outright hostile, in coming 
years. The difficulty stemmed from Kitt Peak’s goal of a giant national 
telescope, while astronomers at the University of California and the 
University of Arizona wished to build their own facilities. 

Kitt Peak’s participation in plans to build the NNTT was more lim- 
ited than the leadership role that Goldberg had originally envisioned 
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when he initiated plans for a giant national telescope in 1974. Despite 
the observatory’s reduced role, Burbidge was a firm advocate of the 
NNTT program and the collaborative effort to explore the technolo- 
gies necessary for it. He lamented that, unlike high-energy physics, 
there were few optical astronomers “inclined to make sacrifices to 
build big machines . . . The astronomical community is happy to sup- 
port a project only so long as it doesn’t affect anything they already 
have.”*> He recalled a time in 1982 when money for Kitt Peak was espe- 
cially tight. Members of Kitt Peak’s various user and visitor committees 
indicated they were quite willing to abandon the NNTT project to pre- 
vent any existing telescopes from being mothballed. 

Years later, after Burbidge stepped down as Kitt Peak’s director, he 
noted that he held a card up his sleeve when it came to the NNTT. 
Barry Goldwater, Arizona’s influential senator, was a big booster of Kitt 
Peak and occasionally visited the observatory. Burbidge, possibly dis- 
playing some of his tendency for rhetorical overstatement, believed 
that if the situation for the NNTT became truly desperate, he could al- 
ways make a direct pitch for the project to Goldwater, perhaps even of- 
fering to name the giant telescope after the senator.*® 

Scientists and engineers interested in the evolving NNTT project 
had several opportunities in 1982 and 1983 to discuss the latest plans 
for the 15-meter telescope. In March 1982, about 400 people attended 
meetings in Tucson that explored new technologies for giant tele- 
scopes. Guests were treated to tours of Kitt Peak and the MMT facili- 
ties, and Jerry Nelson and Roger Angel explained their respective mir- 
ror technologies. In light of the competition that developed later 
between Angel’s Mirror Lab and commercial firms, one of the more 
noteworthy talks came from representatives of Corning Glass Works.*’ 
The company observed that the market for large mirrors had been tra- 
ditionally small, with astronomers, the military, and reconnaissance 
agencies ordering custom products. The mirror market was shifting, 
said the representatives, to “increased sizes, increased volume, and 
more standardization of design.” Corning’s presentation made it clear 
that it was not going to relinquish its tradition of making large mirrors 
to entrepreneurial astronomers like Nelson and Angel. 

Throughout 1982, the NNTT designs of the California and Arizona 
groups were gradually refined and made public. In June 1982, Kitt 
Peak invited three dozen astronomers and engineers to an NNTT De- 
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sign Workshop. This three-day meeting was held in the relaxed resort 
atmosphere of Flagstaff, Arizona; its purpose was to make known the 
findings from Kitt Peak’s Technology Development Program and start 
the process of selecting a final design for the NNTT.** Larry Barr, proj- 
ect engineer (and soon the project manager) for the NNTT, cautioned 
those gathered that the telescope’s specifications would be “severe” 
and predicted that choosing a design would be neither “dainty or 
tidy.”8° Jerry Nelson and Roger Angel, in a scene that would be re- 
peated many times in the next two years, presented their respective 
groups’ designs for the NNTT. 

Figure 9 shows scale models built by Kitt Peak staff of the two com- 
peting concepts. Between the two NNTT designs is a model of Kitt 
Peak’s existing 4-meter telescope. The fact that the 4meter telescope 
itself weighed some 500 tons and was covered by a dome one hundred 
feet in diameter suggests the absolutely gargantuan size of both NNTT 
designs. 


Figure 9. The two designs for the 15-meter National New Technology 
Telescope. California’s segmented design is on the left, Arizona’s “four- 
shooter” is on the right, and the 4-meter telescope at Kitt Peak in the 
middle provides a sense of scale. Courtesy of NOAO/AURA/NSF. 
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The multiple-mirror version of the NNTT championed by the Uni- 
versity of Arizona is shown on the right. Angel and Woolf based their 
final concept, which they called the “four-shooter,” on four 7.5-meter 
honeycomb mirrors to be created by the Mirror Lab.*° These would 
be 75 percent lighter than traditional mirror blanks of the same size 
and arranged on a common mount. The secondary mirrors would be 
placed in a unique upper section that could rotate like a carousel. Two 
different sets of four secondary mirrors could be brought into play, de- 
pending on whether astronomers wanted to do wide-field or infrared 
observing. The Arizona version of the NNTT could use all four pri- 
mary mirrors at once and simultaneously send all the light collected to 
a single instrument at a common focus. In another configuration, 
each 7.5-meter mirror could be used as part of four “separate” tele- 
scopes—pointed in the same direction, of course—with different in- 
struments analyzing the photons collected. 

Jerry Nelson and his colleagues from the University of California 
naturally recommended that the NNTT be a scaled-up rendition of 
their 10-meter telescope design. The 15-meter version would have 
60 mirror segments and use the sensing and alignment technology 
Nelson’s team was developing. As with Arizona’s four-shooter, inter- 
changeable secondary mirrors would provide different optical ar- 
rangements for wide-field and infrared work. Because Nelson’s group 
had already formulated a precise set of specifications for a 10-meter 
telescope, his team easily scaled these up by 50 percent. His cost es- 
timates suggested that an NNTT with a segmented primary mirror 
would cost about $82 million in 1982 dollars. 

Despite their different approaches, the two telescope designs shared 
several features. Both the California segmented and the Arizona multi- 
ple-mirror concepts emerged from an established tradition of concep- 
tualizing large telescopes and each adhered to a clearly identifiable 
technological style. Both designs were scaled-up versions of planned or 
existing telescopes but untried on the scale proposed; neither was ob- 
viously superior to the other. In terms of design, both incorporated 
weight-saving techniques for the primary mirror to achieve a large and 
stable collecting area. The two designs, like all the large telescopes as- 
tronomers were discussing, incorporated a space-saving alt-az mount 
like that used for the original Multiple Mirror Telescope. Angel and 
Nelson achieved a further reduction in the size and cost of the tele- 
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scope and its enclosure by proposing faster focal ratios, in the range of 
f/1.75 for the primary mirrors. Finally, both telescope concepts were 
designed around research programs in which optical astronomy was 
increasingly coupled with observations in the infrared region. 

Building any large tool for science requires tremendous resources, 
including but not limited to funding. The design and construction 
phases are lengthy and may occupy a significant part of an astrono- 
mer’s or engineer’s career. Moreover, the institutions and individuals 
advocating particular designs, such as those for the NNTT, invested 
their professional reputations along with considerable funding in a 
particular design. With two viable NNTT contenders, Geoffrey Bur- 
bidge and his staff were faced with choosing a winner. 


Community Participation 


To select a design for the NNTT, Kitt Peak was obliged to solicit a 
broad range of opinions and recommendations from the national 
community of astronomers. The last time astronomers were planning 
major new national ground-based telescopes was in the early 1960s 
when Kitt Peak and Cerro Tololo were developing their 4-meter facili- 
ties. The basic design of these, however, followed that of the 200-inch. 
The two competing concepts for the NNTT diverged from anything 
built before and depended on unproven technologies. 

Dozens of astronomers and engineers from outside the national ob- 
servatory participated in shaping the NNTT’s design and debated its 
scientific usefulness. This inter-institutional cooperation War a rela- 
tively novel experience for the American optical astronomy ommu- 
nity, but entirely understandable given that the NNTT was expected to 
be the most expensive national facility for ground-based astronomy 
ever built. 

Breaking the “Palomar paradigm” wasn’t the only act that brought 
astronomers together. In the two decades since AURA won approval 
for its 4meter telescopes in Arizona and Chile, the nature of long- 
range planning in the American astronomy community had changed. 
The National Academy of Sciences had already commissioned and re- 
leased two decadal surveys of astronomy. Preparing these reports re- 
quired astronomers to negotiate and prioritize their wish lists for new 
telescopes. By 1980, astronomers no longer questioned the value of 
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this activity, and securing the blessing of the Academy was essential for 
any major new national initiative in astronomy to go forward. 

In April 1978, after the NAS picked George Field to chair its third 
decadal review, the Harvard-based astrophysicist assembled a commit- 
tee of prominent astronomers to consider the options. Joseph Wam- 
pler chaired the Panel on Ultraviolet, Optical, and Infrared Astron- 
omy, which included Roger Angel and Jesse Greenstein as consultants 
as well as Geoffrey Burbidge and Fred Gillett from Kitt Peak. 

Wampler’s panel wanted, of course, to recommend that the NSF 
fund some type of much larger optical telescope, 15 to 25 meters in 
size. They were faced with the challenge of making this new telescope 
appear complementary to NASA’s Hubble Space Telescope. The Hub- 
ble launch had been pushed back to 1985, but this date was still long 
before any giant ground based telescope would be built. Some mem- 
bers of the astronomy community, however, opposed more ground- 
based telescopes and instead argued that the astronomy community’s 
goal should be even larger space telescopes.*! By this time, some as- 
tronomers were already proposing telescopes in space and on the 
moon with mirrors as large as 20 meters.” 

In response, Wampler identified three basic conundrums faced by 
ground-based astronomers. First, the absence of a clearly superior so- 
lution for big telescopes created divisiveness in the community. Sec- 
ond, because scientists could use existing ground-based telescopes to 
address such a wide range of research problems, some of astronomy’s 
patrons assumed that these scientists did not think a giant new tele- 
scope was necessary. Finally, the new telescopes under consideration 
were so gigantic and expensive that there were no preexisting models 
to guide the equitable management of the proposed facilities. For ex- 
ample, if a giant new telescope were built with public funds, how 
would time on it be awarded? Any suggestion to award observing time 
to only three or four dozen astronomers annually for their personal re- 
search promised only more community divisiveness over the project.* 

When the NAS released the Field committee’s decadal survey in 
January 1982, it contained four major recommendations for the next 
decade of astronomy. Two were for ground-based astronomy. As was 
the case in the previous survey, radio astronomers’ wishes received 
higher priority than those of optical astronomers. The report’s first 
ground-based recommendation was that the NSF fund and build the 
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Very Long Baseline Array, a connected network of ten 25-meter radio 
telescopes spread over the United States with an estimated cost of $50 
million. Second on the list of ground-based initiatives (and third over- 
all) was what the report called a New Technology Telescope—a 15- 
meter facility with a $100 million price tag for making optical and 
infrared observations. The word “National” was omitted from the proj- 
ect’s name, perhaps in light of the fact that several groups besides Kitt 
Peak were pursuing large telescopes. Field’s report acknowledged that 
the construction of such a facility would be possible only because of 
the recent advances made in “optical fabrication techniques, design 
concepts, and electronics.” The 15-meter telescope was expected to be 
a cornerstone of astronomy for the next decade and, the report em- 
phasized, “the design studies needed before the [telescope] can be 
constructed are of the highest priority and should be undertaken im- 
mediately. 44 

Despite the high ranking that the Field committee gave to the 15- 
meter telescope project, the NSF did not dramatically increase the 
NNTT’s funding or visibly promote the national telescope project. In 
fact, the opposite happened. In March 1981, NSF representatives ap- 
peared for their annual hearing before the House of Representatives’ 
subcommittee that controlled appropriations for the NSF’s annual 
budget. Because this group of lawmakers had billions of discretionary 
dollars to allocate over such areas as housing, veterans’ affairs, and 
space exploration, the subcommittee—called the Cardinals of Capitol 
Hill by one writer—wielded enormous power and influence.“ 

Edward P. Boland, a longtime Democratic representative iypm Mas- 
sachusetts, was the subcommittee’s influential chair. He was free 
about scientists’ seemingly endless demands for new instruments and, 
in years past, had questioned the necessity of NASA’s Hubble Space 
Telescope. Boland queried the NSF representatives about their plans 
for a national 15-meter telescope. Despite the fact that the NSF was 
asking for only $400,000 to continue Kitt Peak’s collaborative technol- 
ogy-development effort, this relatively minor item caught the subcom- 
mittee’s attention. Boland understood that awarding seemingly insig- 
nificant design funds often led his subcommittee to fund an entire 
project. When Boland asked what effect deferring the design studies 
might have, the NSF’s representative replied that, while it might dis- 
rupt efforts already underway, the building phase was far enough off 
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that “the impact would not be that great.”4° In other words, the NSF 
did not push the NNTT as a major priority. Some astronomers won- 
dered whether this brief exchange foreshadowed an unwillingness on 
the part of the NSF to advocate for the NNTT even though it was 
ranked highly in the decadal survey. 

Despite his role as the initiator of Kitt Peak’s new giant telescope 
project, Goldberg lost enthusiasm for the NNTT after stepping down 
as the observatory’s director. He disagreed with the direction Kitt Peak 
had taken under Burbidge’s leadership and disapproved of the collab- 
orative program to build the NNTT. Goldberg was also disappointed 
with astronomers’ scientific justification for the NNTT and believed its 
success depended on astronomers’ ability to sell the NNTT as an es- 
sential complement to the Hubble Space Telescope.“ 

In July 1982, Goldberg sent a long, confidential letter to Stuart A. 
Rice, a chemist from the University of Chicago and a member of the 
National Science Board, the NSF’s governing body. That board, com- 
posed of Presidential appointees, had authority over the agency’s bud- 
get and plans. Goldberg told Rice how Kitt Peak’s partners in the col- 
laborative effort had their own ambitions to build giant telescopes. 
“Once these private telescopes are funded,” Goldberg asked Rice, “can 
you imagine the NSF and Congress putting up $100 million for a Na- 
tional Telescope that would increase the aperture only by 50 percent? 
Nonsense! . . . My feeling is that Kitt Peak ought to leave the field of 
large ground-based telescopes to the universities that want them.” The 
national astronomy facilities of the future, Goldberg predicted, would 
be space telescopes. He concluded by suggesting the National Science 
Board ask “searching questions” about the NNTT, such as “whether 
the present scenario for two private telescopes followed by a somewhat 
larger national version is realistic or even desirable.” Rice thanked 
Goldberg for his candor, noting that it was only with information such 
as Goldberg’s that “the National Science Board can intelligently for- 
mulate optimal policy.” 

Despite Goldberg’s pessimism and the lack of serious support from 
the NSF, Kitt Peak’s staff remained optimistic that the NNTT would be 
built, especially with the impetus from the Academy’s endorsement. 
Nelson and Angel continued their technology development efforts 
and Burbidge assembled a Scientific Advisory Committee (SAC) in 
March 1983 to select a winning design from the two contenders. Its re- 
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sponsibility was to identify and prioritize the major areas of research 
that the NNTT might do, evaluate the two competing designs, and, 
most importantly, recommend one for further development.” 

Burbidge carefully balanced his panel geographically and in terms 
of the types of telescopes and astronomical research its members fa- 
vored. The SAC included astronomers from Caltech; the Universities 
of Arizona, Texas, and California; and Kitt Peak. Panel members 
spanned a broad range of seniority, from veterans like Allan Sandage 
to protégés such as Robert Kirshner and Jeremy Mould. Burbidge 
asked Robert D. Gehrz to be the group’s chair. Gehrz was then a 39- 
year-old astronomer from the University of Wyoming and a rising star 
in infrared astronomy. He had worked as a student under Nick Woolf 
before serving on committees for AURA and the NSF. Gehrz also had 
recently helped plan an infrared-optimized telescope for the Univer- 
sity of Wyoming and was familiar with the technical and scientific is- 
sues of telescope building. 

When the SAC met for the first time at the end of March 1983, 
Gehrz explained that his was not a technical evaluation committee but 
one that would give a scientific justification for why one design was 
better than the other for doing research. Despite this compartmen- 
talization, his committee was obliged to consider the NNTT’s basic 
specifications and performance requirements. Responding to the 
possibility that his committee members’ own institutional affiliations 
might cause conflicts of interest, Gehrz said, “We all probably have our 
prejudices—we should set these aside . . . to develop an unbiased rec- 
ommendation.” He acknowledged that many of the SAC’s challenges 
were political. “There were a lot of scientific arguments,” sh said, 
“but they were all marginal. Picking the right design came down to 
whether you believed your calculations and what was most important 
to you.”! 

One of the youngest members on Gehrz’s committee was Roger L. 
Davies, an English astronomer who had recently finished his Ph.D. at 
Cambridge. After coming to the United States to work at Lick Obser- 
vatory, Davies was advised by Sandra Faber, who was then closely in- 
volved in developing the scientific justification for California’s 10-me- 
ter telescope project. In 1982, Davies accepted an offer to join the staff 
at Kitt Peak and the next year Burbidge asked him to join the SAC. For 
a young scientist like Davies, serving on the panel was an exciting and 
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challenging assignment that helped him think about telescopes “in a 
more quantitative way.” 

One of the main topics the SAC addressed was how the NNTT 
would compete with and complement the Hubble Space Telescope. 
“You didn’t want to put emphasis on the telescope’s design,” Davies 
said, “in an area where the space telescope was going to beat you.” 
The Hubble Telescope, once it was launched and orbiting above the 
earth’s turbulent atmosphere, would have exquisite resolution of faint 
objects and it could make observations in the ultraviolet spectrum. For 
high-resolution spectroscopy, infrared observing, and sheer light-gath- 
ering power, the NNTT offered enough potential advantages to make 
it desirable to the astronomy community. Promising embryonic tech- 
nologies like adaptive optics and infrared arrays as well as its much 
greater field of view made the NNTT an attractive tool for science. Be- 
sides, astronomers estimated the NNTT would cost less than a tenth of 
what NASA was spending on the Hubble Space Telescope. 

Serving on the SAC was a politically sensitive and time-consuming 
task. Throughout 1983 and into 1984, it met over a dozen times. The 
SAC held workshops to assess current telescope technology, and Kitt 
Peak invited over 40 consultants from universities and industry to talk 
to the SAC about specific technical areas, including CCD detectors, 
image processing, and optics manufacturing. The members also heard 
presentations from astronomers and engineers planning other giant 
telescopes to assess the state of the art. 

In November 1983, Gehrz’s committee held a meeting of special im- 
portance in Tucson. After much debate, the twelve members of the 
committee formally determined the scientific research agenda for the 
NNTT by ranking its main science priorities. Each member of the SAC 
submitted votes to Gehrz describing the most important observing 
techniques possible with the new telescope and the types of research 
associated with each technique. When the votes were tallied, SAC 
members had selected spectroscopy (including multiobject, infrared, 
and high-spectral resolution techniques) and infrared imaging.°® It 
was in these areas, the SAC explained, that the NNTT would have un- 
surpassed advantages over both smaller ground-based telescopes as 
well as future space telescopes. 

For example, astronomers interested in infrared imaging expected 
that gains in sensitivity, which are proportional to the square of a tele- 
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scope’s diameter, would give the NNTT a massive advantage over any 
existing ground-based telescopes. They looked forward to using this 
capability to study areas of the Milky Way galaxy where stars were ob- 
scured by clouds of dust and gas. Because these emit radiation primar- 
ily in the infrared, the increased power and resolution would help as- 
tronomers distinguish active star formation regions in our own as well 
as neighboring galaxies. Meanwhile, multiobject spectroscopy would 
enable scientists to undertake research programs on the large-scale 
structure of the universe that depended on voluminous amounts of in- 
formation to produce a meaningful data set. 

The telescope’s basic performance and design specifications fol- 
lowed from this list of crucial research techniques. Over the next sev- 
eral months, the committee negotiated and refined a set of perfor- 
mance requirements for the telescope. As Gehrz described, “It was like 
the Army deciding what specs it wants for a Sherman tank. You write 
down what you want it to do and then you look at your design alterna- 
tives.”°4 For example, scientists gave the technique of multiobject spec- 
troscopy highest priority for the NNTT. To collect the spectra from sev- 
eral dozen galaxies simultaneously, Gehrz’s “Sherman Tank” would 
need a fairly wide field of view of about of one-half to one degree. 

Throughout their deliberations, the SAC heard numerous presenta- 
tions from Angel, Nelson, and other Arizona and California astrono- 
mers. Each side made fervent pitches concerning why the segmented 
or multiple-mirror design would be best for a giant national telescope. 
Throughout these tense meetings, Nelson, Angel, and other partici- 
pants maintained decorum but remained staunchly adamant about 
the superiority of their own approaches and the flaws in their& mpeti- 
tor’s. These exchanges were often quite pointed. When Nelson and 
Terry Mast presented a final report in June 1984 advocating their mir- 
ror design. Angel and Woolf responded with a running commentary 
in the paper’s margins. At the end of the report, Nelson and Mast 
stated, “There is broad and intensive support in this country for seg- 
mented mirror design and development. . . It is widely believed in the 
national technical community that future large mirrors will be seg- 
mented.” Arizona’s scientists retorted by attacking the cost and techni- 
cal difficulty of Nelson’s design: “The segmented mirror telescope 
would be in danger of being another Sugar Grove [a much-publicized 
Navy failure in the 1960s to build an enormous radio telescope) inee: 
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Somewhere there must be 36 million good reasons for building a seg- 
mented mirror telescope. We are waiting.”°° 

Because the NNTT was to be a national telescope, Gehrz’s commit- 
tee received opinions and comments from astronomers all over the 
United States and abroad who favored a particular design (or no tele- 
scope at all). In June 1984, Kitt Peak organized a two-day open meet- 
ing in Baltimore that coincided with the American Astronomical Soci- 
ety’s annual meeting. Dozens of astronomers heard Nelson and Angel 
describe their concepts and offered their own views on the project. A 
letter Geoffrey Burbidge received after the Baltimore meeting is repre- 
sentative of the concerns astronomers expressed. “What effect will this 
development [the NNTT] have on the high quality support we have 
experienced at KPNO?” asked the scientist, “With the Ten Meter Tele- 
scope, Texas, and other projects, is the effort in Astronomy as a SCi- 
ence properly balanced?” After considering the options available, the 
astronomer told Burbidge that he favored Nelson’s design “partly out 
of conservatism, partly intuition, and to a lesser extent technical ques- 
tions. 

After reviewing what they had learned from these workshops and 
conferences, the SAC still had not found any showstoppers for either 
Nelson’s or Angel’s design. While each concept still had many engi- 
neering problems, no single technological problem existed that would 
force the SAC to choose one design over the other.*’ In short, the two 
telescope designs were in a dead heat. 

The extent to which astronomers participated in the design selec- 
tion process for the NNTT illustrates the perceived importance of the 
project and the impact astronomers believed it might have on their 
community. The SAC’s interactions with the larger science community 
served several functions. Astronomers were given the opportunity to 
offer input on the type of research that they wanted to do with a new 
national telescope. The responses of astronomers helped guide the 
SAC as it prepared to choose the winning design. Their comments also 
helped AURA and the NSF gauge overall interest in the project. 

French sociologist and philosopher Bruno Latour describes how 
technologists create a paper world in which “machines... are drawn, 
written, argued, and calculated” before becoming part of the “messy, 
greasy, concrete, world.”>8 The more complex the machine is, the more 
paper is required to bring the project into existence. A vision of the 
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NNTT emerged from the reports, memos, and letters prepared by the 
SAC and the extensive feedback other astronomers provided. As 
astronomers and engineers built their “paper telescope,” the bound- 
aries between the worlds of technology development, astronomical re- 
search, politics, and science funding became increasingly indistinct. 
Members of Gehrz’s committee, Kitt Peak staff, and interested mem- 
bers of the astronomy community were obliged to be fluent in and 
negotiate all these realms as they debated the NNTT’s design and 
purpose. 


Shootout in Santa Cruz 


Outside the NNTT’s paper world, developments were taking place 
that altered the landscape of American astronomy and had the poten- 
tial to affect the project’s future. Throughout 1983, there were rumors 
and discussions about the reorganization of the national observato- 
ries. The three centers—Kitt Peak, Cerro Tololo, and the National So- 
lar Observatory—were then managed by AURA under separate con- 
tracts with the NSF. At AURA’s annual meeting in the spring of 1982, 
its board members approved a plan to combine these observatories 
under a single director in conjunction with three associate directors. 
Not everyone agreed with this move. Critics claimed the NSF wished to 
avoid difficult decisions about allocating resources between the cen- 
ters and that the reorganization would not make the centers’ manage- 
ment much more efficient.®® Despite these complaints, in June 1983, 
the National Optical Astronomy Observatories (NOAO) was estab- 
lished and headquartered in Tucson. At about the same timé,AURA 
moved its corporate offices from Tucson to Washington, D.C.‘to allow 
it to interact more closely with the NSF, NASA, and other scientific or- 
ganizations. 

AURA chose John T. Jefferies to be NOAO’s first director. Jefferies 
was an Australian solar astronomer and theorist with extensive experi- 
ence in managing science organizations. For almost two decades, 
Jefferies ran the Institute for Astronomy at the University of Hawaii. 
He helped found the institute and built it up from insignificance to a 
world-class organization. His biggest coup while in Hawaii was per- 
suading several institutions to put their telescopes on Mauna Kea. In 
return for providing sites on top of the extinct volcano and helping 
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manage the telescopes, the University of Hawaii’s astronomers got a 
guaranteed share of observing time on the new facilities. This power- 
ful lure helped Hawaii become a powerhouse in astronomy and made 
Mauna Kea an astronomical mecca.® In 1978, AURA invited the Uni- 
versity of Hawaii to join its ranks. 

Geoffrey Burbidge remained as Kitt Peak’s director and oversaw the 
NNTT project while the NSF reorganized the national centers. When 
this process was complete, in May 1984, Kitt Peak announced that 
Burbidge would step down the following September to make room for 
Sidney C. Wolff, the first woman to occupy Kitt Peak’s director’s of 
fice.©! An observational astronomer, Wolff received her Ph.D. from 
Berkeley in 1966. After spending time as a postdoctoral student at Lick 
Observatory, she accepted a post at the University of Hawaii. Both 
Wolff and Jefferies actively promoted Mauna Kea as the best location 
for new telescopes in the northern hemisphere. Some astronomers 
found her appointment unusual; her research specialty was stellar evo- 
lution and formation, while Kitt Peak’s focus continued to shift to 
extragalactic topics. Woolf brought skills she had learned while plan- 
ning and managing the first major telescope owned by the Institute 
for Astronomy, an 88-inch instrument on Mauna Kea, and became a 
staunch advocate for national astronomy centers. 

When the NSF combined the three national astronomy centers un- 
der one director, the agency also added a fourth division to NOAO. 
The Advanced Development Program was formed to help the national 
optical observatory promote novel techniques and instrumentation 
for its own telescopes and the broader astronomy community. Jefferies 
and other astronomers also expected the Advanced Development 
Program to take a prominent role in designing and engineering the 
NNTT. 

Jefferies recruited Jacques M. Beckers to lead the Advanced Devel- 
opment Program. Like Jefferies, he was originally a solar physicist. In 
1979, after almost two decades in that field, the Dutch-born Beckers 
shifted to optical astronomy when he became the first director of the 
Multiple Mirror Telescope Observatory. Encountering the culture of 
nighttime astronomers while working with what was then the world’s 
most innovative telescope thrilled Beckers. He devoted himself to de- 
bugging the Multiple Mirror Telescope and making it ready for opera- 
tion. When he joined NOAO in March 1984, Beckers recalled having 
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a “certain attachment” for multiple-mirror telescopes, but he wasn’t 
asked to take an active part in recommending a design for the NNTT.@ 

Beckers’ technical successes using the MMT, with its complex and 
demanding optical and electronic systems, made him an especially at- 
tractive candidate to lead the Advanced Development Program. In the 
mid-1980s, most astronomers perceived the national observatory as 
not being at quite the same level of technological sophistication as uni- 
versity and private institutions. Developing frontier instrumentation 
and building a new giant telescope was vital, Jefferies believed, for the 
future health and status of the national observatory. 

In May 1984, the astronomy community received another major an- 
nouncement. David P. Gardner, the University of California’s presi- 
dent, announced that the school had just finalized details on the larg- 
est donation in its history. Marion O. Hoffman, the widow of a wealthy 
car importer, had given the university $36 million worth of securities, 
real estate, and artwork to help build the largest telescope in the 
world. As Gardner explained to his faculty members and the press, 
Hoffman’s bequest was generous but still not enough to finance an en- 
tire 10-meter telescope. The University of California would therefore 
seek other partners willing to put in money in exchange for observing 
time; and in a controversial move, Gardner invited Caltech to contrib- 
ute $25 million for a quarter share of that time. For over three dec- 
ades, Caltech astronomers had had bragging rights to the 200-inch, 
still the world’s best and biggest telescope. The possibility of playing 
second fiddle was galling.® 

Hoffman’s donation, however, made the 10-meter telescope’s future 
appear secure and guaranteed that Jerry Nelson’s work ont seg- 
mented mirror technology would continue with even more i tensity. 
Hoffman’s gift must have piqued the envy of astronomers at places 
such as Arizona and Texas, who had to fund their telescope projects in 
a piecemeal and insecure fashion. 

In July 1984, with these developments in mind, the NNTT’s Scien- 
tific Advisory Committee held its final meeting in Santa Cruz—some 
participants called it the Great Telescope Shootout. On the morning 
of July 13, members of the SAC met in executive committee. One of 
the questions they considered was how to announce their recommen- 
dation to the community. For instance, if the committee selected the 
multiple-mirror style, the announcement had to be made in a way that 
would not damage California’s 10-meter telescope project. 
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Roger Angel and Jerry Nelson made a final pitch for their designs to 
the SAC. According to Larry Barr, the NNTT’s chief engineer, Angel 
was pessimistic about the chances for Arizona’s multiple-mirror con- 
cept being selected. Angel believed that the Berkeley group had artic- 
ulated their case exceptionally well, while their technology develop- 
ment efforts (unlike his own) had been lavishly funded for several 
years. He also rightly believed that the extensive work the Californians 
had done for their 10-meter project had directly benefited their 15- 
meter NNTT design.® 

The committee deliberated all day and identified a long list of tech- 
nical criteria to help it choose a winner. The most important require- 
ments were that the NNTT would have a wide field of view, excellent 
image quality, and be able to accommodate the rapid changeover of 
scientific instruments. Astronomers on the panel interested in infra- 
red observing with a future NNTT also pushed for a winning design 
that would emit as little heat as possible. If there were too much 
emissivity, the telescope’s own background would swamp faint stellar 
signatures and degrade its performance. 

In addition to the technical aspects of the design, there were sched- 
uling and political factors. The likely construction of California’s 10- 
meter telescope, for example, meant that any segmented version of 
the NNTT might be postponed while California’s facility was being 

‘puilt. The multiple-mirror version of the NNTT was not immune 
to similar considerations. The committee recognized that a working 
model of the Arizona design already existed in the original Multiple 
Mirror Telescope, but some members questioned the merits of build- 
ing a larger version of a telescope that had yet to demonstrate unequiv- 
ocally the multiple-mirror concept.” 

The debate continued the next day; Robert Gerhz remembered 
the sessions as agonizing. “Everyone was soul-searching. All the cases 
were eloquent. Everyone had good reasons for one over the other.”°” 
Astronomers agreed that a choice had to be made soon as it was 
becoming too expensive for their community to support technology 
development efforts for the NNTT at both Arizona and California. 
The segmented-mirror design, Gehrz’s notes say, was superior: “If you 
could get a segmented mirror telescope to work, why would you go the 
other way?”6’ Some SAC members were comforted by Nelson’s plan to 
have industrial contractors fabricate and polish the essential mirror 
segments once his team had demonstrated the basic process. Angel’s 
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approach, in comparison, was for his university-based lab to make what 
was traditionally a commercial product. 

Angel predicted that the Mirror Lab could start producing 7.5-me- 
ter honeycomb mirrors in only a few years. Astronomers were inclined 
to believe that Nelson’s precise, large-scale fabrication and control of 
segments would take longer to realize. The majority of the scientists 
opted, in Gehrz’s view, for “conservatism”—this meant using the large, 
single mirrors they were used to. “It basically boiled down to a gut-level 
feeling,” he said, “that controlling 30 or 40 segments flying in close 
formation was going to be very tough.”®? At the SAC’s final executive 
session, the committee complimented Nelson’s careful and innovative 
design for California’s 10-meter project. Scaling this up to a grander 
scale, however, made some worry about “building a mediocre mon- 
ster.””° That evening, Gehrz asked his committee to assess the risks and 
merits of each design and called for an open ballot vote. When the 
numbers were added, Angel’s multiple-mirror design edged out Nel- 
son’s telescope by a tiny margin. The giant new national telescope was 
going to be an Arizona “four-shooter.” 

In choosing the Arizona design, the SAC avoided investing too 
much of its community’s political and monetary assets on one un- 
tested technology. If they had chosen the segmented design and it 
failed, the national telescope project would have suffered along with 
California’s private project. In August, a week before he stepped down 
as Kitt Peak’s director, Geoffrey Burbidge wrote the SAC and thanked 
them. He noted that the task of building a new national telescope had 
just begun. Roger Angel still had to demonstrate that his honeycomb 
mirror casting technology could be scaled up and Kitt Peak didn’t ex- 
pect to submit a final proposal for the NNTT’s funding until at least 
1986. But with the right amount of technical and political skill, Bur- 
bidge believed it was possible for American astronomers to be doing 
research with a giant new national telescope by the end of the cen 
tury.” While Burbidge’s prediction was right, American astronomers 
had little idea of the bumpy road they would travel to get there. 


CHAPTER 5 


Growing Pains 


AURA’s decision to build Arizona’s design for the NNTT breathed 
new life into Angel’s Mirror Lab. In February 1985, after the AURA 
board ratified the plan to build the multiple-mirror version of the 
NNTT, the Mirror Lab received a $900,000 infusion of NSF funds to 
continue its mirror-casting program. The lab then moved to a specially 
designed facility underneath the east wing of the university’s football 
stadium. The staff’s goal was simple: Cast and polish the world’s largest 
mirrors for a new generation of giant telescopes. 

The heart of the Mirror Lab facility was its new giant rotating fur- 
nace, which Angel and his team of engineers and technicians had de- 
signed to cast mirrors as large as 8 meters. The entire furnace, 40 feet 
wide and 22 feet high, weighed as much as 100 tons when loaded with 
chunks of glass. It rested on a single ten-foot roller bearing in a central 
pedestal that also contained the microelectronics and computers to 
monitor the temperature at several hundred points inside the furnace. 
Electric heating elements in the furnace slowly brought the tempera- 
ture up to 1200° C while cameras inside the furnace allowed the oven 
pilot, now no longer dizzily spinning onboard, to watch the operation 
from a control room. 

In 1934, Pathé film clips of the 200-inch mirror’s casting featured 
teams of Corning workmen muscling hot glass from the furnace to the 
mold. A large mirror casting at Angel’s lab was not as immediately dra- 
matic. At one casting, a local news photographer standing next to the 
hot spinning furnace asked, “Where is all the hot glass?” The absence 
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of ladles and synchronized teams of workmen did not rob the opera- 
tion entirely of drama. Warmth from the furnace was perceptible as 
soon as one entered the casting room; it generated the equivalent of 
2,000 household space heaters. The furnace, steadily and swiftly spin- 
ning, created its own wind as it whirled like an amusement park carou- 
sel on steroids. Time-lapse photographs of glass inside the furnace, 
showing it gradually softening to a glowing, smooth vitreous form, 
were hypnotic evidence of the long process. 

The cost of casting a large mirror was equally impressive. The Mir- 
ror Lab estimated in 1987 that glass and mold materials for making a 
single 8-meter mirror would cost over $1.2 million. In the event of a 
casting failure, neither the mold pieces that lab technicians hand- 
machined nor the pieces of borosilicate glass specially ordered from 
Japan could be reused. Labor and other capital equipment added to 
the cost. If the Mirror Lab were to succeed, there could be no mishaps. 
One ruined casting would bankrupt the operation and launch doubts 
about the lab’s competence. 

In March 1985, as construction of the giant new furnace and facili- 
ties continued, the Mirror Lab successfully made a 1.8-meter mirror 
blank using its old prototype rotating oven at the abandoned temple. 
This was cast for a telescope to be jointly operated by the Vatican Ob- 
servatory and the University of Arizona. Angel described the project to 
Pope John Paul II when the pontiff visited Arizona in September 1987, 
causing some to refer to the observatory as the “Pope ’scope.” Angel 
was not joking when he suggested the Mirror Lab would not only cast 
the mirror, but also polish it. More shocking, the mirror would have a 
deeply curved surface, giving it the radically fast focal ratio of’ 7} «The 
telescope would focus starlight at a point only 1.8 meters abové the pri- 
mary mirror, resulting in what one astronomer called the “Fastest Mir- 
ror in the West.”2 

As the lab’s new facilities under the stadium took shape, the builders 
set aside space to permit the polishing of mirrors as large as 8 meters. 
A dedicated optical testing tower over one hundred feet high was de- 
vised. Mirror blanks were moved underneath the tower with a special 
hover-cart while lasers at the top of the test tower illuminated the mir- 
ror’s surface. By comparing the laser light’s interaction with the mir- 
ror’s surface and that of a reference surface, opticians could evaluate 
the progress of polishing and determine what areas of the mirror still 
needed work. 
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Arizona’s foray into mirror polishing was a bold expansion of the 
Mirror Lab’s activities. Instead of just casting a mirror and sending it 
to a commercial firm to be ground and polished, the Mirror Lab pro- 
posed to do all of these operations in-house. Its final product would be 
a finished mirror blank, ready to be aluminized with a reflective coat- 
ing and integrated into a waiting telescope. 

In April 1986, a special subcommittee organized by the NSF re- 
leased a report reviewing the current state of large telescope projects. 
It paid special attention to technology development for the NNTT. 
Mirrors, it said, still remained “the most important technical problem 
to be solved.” The report described progress on the segmented and 
honeycomb mirror techniques, noting that a third option, thin menis- 
cus mirrors, had received no comparable attention. It concluded by 
endorsing the work at Angel’s Mirror Lab and reaffirming support for 
the NNTT project.* 

The NSF report also acknowledged potential problems facing the 
NNTT project. NOAO was across Cherry Avenue from Steward Obser- 
vatory on the Arizona campus. Naturally, there was healthy scientific 
competition between the staff at the university and the national ob- 
servatory, but institutional relations between the two astronomy cen- 
ters were often so problematic that scientists referred to the street as 
Cherry Canyon. At times, this competition manifested itself in jealousy 
-and a lack of cooperation. Some at the University of Arizona resented 
the relatively lavish federal funding NOAO received and believed the 
national observatory failed to make the best use of it. Meanwhile, 
NOAO staff complained that the university astronomers were arrogant 
and self-serving. A 1985 memo from the NSF noted that “there is little 
evidence of cooperative collaboration in the actions of the Arizona- 
Steward group toward NOAO.”* 

One cause of friction was the question of ownership of the NNTT 
project. Angel’s mirror techniques, essential for the project, were de- 
veloped at the University of Arizona, while its astronomers and 
engineers had largely designed the “four-shooter” concept. It is not 
surprising that some Arizona astronomers viewed the NNTT as their 
own as much as a national facility. These resentments were exacel~ 
bated when Peter Strittmatter and his colleagues pursued other tele- 
scope projects with different institutions. In 1985, Sky @& Telescope 
revealed that Ohio State University and Arizona were considering 
building the Large Binocular Telescope, two 8-meter telescopes on a 
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common mount. Besides the NNTT, Strittmatter had discussions with 
half a dozen institutions contemplating giant telescopes, all based on 
mirrors from Angel’s spinning furnace.° 

In the opinion of some staff at NOAO and the NSF, Arizona’s ambi- 
tions could delay the national telescope project. Each mirror casting 
was a time-consuming operation and Arizona’s other telescope plans 
seemed a distraction from what NOAO saw as the Mirror Lab’s first or- 
der of business—making mirrors for the NNTT.$ Arizona, in turn, 
countered that it could go ahead with its own plans as the NNTT had 
no large-scale funding yet. 

Disagreement about where to build the NNTT created additional 
stress between NOAO and Steward Observatory. As early as 1983, as- 
tronomers from both institutions identified two possible locations for 
the telescope. John Jefferies, NOAO’s new director, favored building 
the NNTT high atop Mauna Kea in Hawaii, the site he helped estab- 
lish. Not surprisingly, Arizona astronomers wanted it closer to home. 
They lobbied NOAO and the NSF to build on Arizona’s Mount Gra- 
ham. Located only 140 miles from Tucson, Mount Graham was a lush 
pine-covered peak over 10,700 feet high where, not coincidentally, the 
University of Arizona planned to build its next generation of astron- 
omy facilities, including the Large Binocular Telescope and the Vati- 
can Telescope. 

Astronomers had long recognized the critical relationship between 
a telescope’s location and the quality of images it produced. An ideal 
site had minimal cloud cover at night and low humidity and was rela- 
tively accessible to vehicles and staff. The relative darkness of the site, 
away from urban light pollution, was another crucial factof”* finally, 
the stability of the atmosphere above the telescope, what ce 
called “seeing,” was most important. 

Random temperature changes high in the earth’s atmosphere are 
the primary culprit for bad seeing. What Isaac Newton once called 
“Tremors of the Atmosphere” distort incoming wave fronts of light, 
making images of stars subtly jiggle or, when seen by the naked eye, 
twinkle. As a result, light collected by a telescope’s mirror is spread out 
over a larger area, resulting in fuzzier images. Astronomers measure 
seeing by referring to the angular diameter of images produced by the 
telescope. Reducing the angular diameter of any object imaged with a 
telescope means more photons being put into a smaller area; this has 
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the same positive effect of increasing the collecting area of its primary 
mirror. Choosing a site with the best seeing for a new telescope offered 
astronomers yet another way to collect light more efficiently and pro- 
duce better images. 

In the late 1970s and 1980s, with the commissioning of the original 
Multiple Mirror Telescope and the new telescopes on Mauna Kea, as- 
tronomers developed a better appreciation of the importance of see- 
ing and worked to improve it. They found that their telescopes could 
produce better images than they had imagined possible when local 
conditions were controlled. Astronomers using the MMT, for example, 
watched the quality of images improve when they stopped warm air 
from leaking out of the control room to the cold telescope dome. 

Astronomers began to specify that their next generation of tele- 
scopes have even more accurately and smoothly polished mirrors so 
the telescope’s location and the seeing conditions, not its optics, 
would be the limiting factor for image quality. The NNTT’s specifica- 
tions required that its optics produce images only 0.25 arc-seconds in 
diameter, a significant improvement over the image quality at older 
telescopes, such as the 200-inch, where images of only 1 arc-second 
might be achieved on the best nights.’ 

_ Characterizing a telescope site’s quality is an inexact science. In the 
spring of 1983, staff from Kitt Peak began a lengthy effort to compare 
Mount Graham with Mauna Kea. Heavy equipment had to be lugged 
to the tops of the peaks to record data for months at a time. Snow and 
wind often damaged the apparatus, making travel difficult or impossi- 
ble, and the data gathered were subject to multiple interpretations. 
Each mountain also had its own vocal advocates. 

Mount Graham supporters soon faced serious political obstacles 
that went deeper than their internecine struggles with NOAO. The 
University of Arizona’s plan to build several telescopes, including the 
NNTT, on Mount Graham attracted fierce opposition. The mountain 
was home to an endangered squirrel and local Apache groups claimed 
the mountain was sacred land. Traditionally, astronomers and environ- 
mental groups shared common cause in fighting urban sprawl and the 
light pollution that threatened mountain sites. Astronomers’ plans for 
Mount Graham and threats of vandalism by radical groups such as 
Earth First! fractured this partnership. Peter Strittmatter and his col- 
leagues made a point of highlighting the scientific prestige and eco- 
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nomic benefits new telescopes would bring to Arizona, but they were 
caught off guard. Mount Graham became a public relations predica- 
ment. For years, the U.S. Forest Service delayed any telescope con- 
struction pending further environmental studies.® 

Kitt Peak’s evaluation of the two mountain sites continued months 
behind schedule. A site selection committee met in late 1986 to rec- 
ommend a location. After reviewing the data and hearing presenta- 
tions from Arizona and Hawaiian astronomers, it chose Mauna Kea as 
the best location for the NNTT, citing its outstanding characteristics 
for infrared observing and image quality.? While the final report ig- 
nored the political difficulties associated with building on Mount Gra- 
ham, these certainly affected the decision. The choice to build the 
NNTT in Hawaii disappointed Arizona astronomers and may have di- 
minished their enthusiasm for the project. Local reaction to the deci- 
sion in Tucson was muted; but in Hawaii, local papers blared, “Hawaii 
Bags Big Telescope” and “Mauna Kea Gets the Big One,” and ap- 
plauded John Jefferies for bringing the NNTT to the island. 

As debate over where to put the NNTT simmered, the Mirror Lab 
was ramping up from a small experimental operation to a production 
facility. For scientists like Angel, larger mirrors meant new manage- 
ment challenges. Unlike a commercial venture, in which money and 
labor might be shifted quickly to address crucial tasks, the Mirror Lab 
had a limited number of staff it could hire. “We were undertaking 
brand new things on a very large scale,” Angel said, “It was much more 
like heavy-duty experimental physics. The scale of our operation was a 
completely new thing for astronomers.”! 

Angel and his group slowly began casting ever-bigger pieces of glass 
while they finished the new spinning furnace. After success lly mak- 
ing the 1.8-meter mirror for the Vatican telescope, the lab’s next step 
was a series of 3.5-meter mirrors. As mirror castings became bigger, 
they required more staff, thus making any delays more costly. The Mir- 
ror Lab tried a succession of management strategies to address these 
challenges. Difficulties occurred as the lab tried to shed its research 
image and transform into a production facility without actually hiring 
professional managers. Some engineers and technicians at the lab re- 
sented the astronomers’ reluctance to cede responsibility on quotidian 
technical matters and disliked the observatory’s traditional caste sys- 


tem that placed astronomers’ scientific knowledge ahead of techni- 
cians’ practical experience. 
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In 1988, Angel’s lab finally cast its first 3.5-meter mirror for a tele- 
scope project organized by the Astrophysical Research Consortium 
(ARC), a group of astronomers from Princeton and the Universities of 
Chicago, New Mexico, and Washington. At the time, this telescope 
would have been the fourth largest in the United States. With the NSF 
providing an initial $3.75 million, ARC astronomers hoped to use their 
new telescope, located at Apache Point in New Mexico, to make obser- 
vations remotely from their home institutions. Angel saw the ARC mir- 
ror as proof his spin-casting technique gave a mirror as good as he 
promised. “Perhaps the tensest moment for me over the whole history 
of the Mirror Lab was when we lifted the ARC mirror off the furnace 
and it stayed in one piece,” Angel said, “You don’t know you’ve made a 
sound structure until you see it actually live on its own.”!! 

In 1985, Angel had estimated that his lab would cast its first 3.5 me- 
ter mirror by September 1986 and move on to 7.5-meter castings a few 
years later. Budget and scheduling setbacks made these projections 
overly optimistic and some astronomers gossiped that the Mirror Lab 
was always a “day late and a dollar short.” Frustrated by delays, one 
ARC scientist vowed not to shave until their mirror blank was done. 
For years, a photograph—taken in 1988—hung in the Mirror Lab, 
showing him gazing into the finished mirror, razor finally in hand. 


Upping the Ante 


Throughout the early 1980s, Caltech had largely been a bystander as 
other groups rushed ahead in pursuit of giant new telescopes. Caltech 
astronomers discussed their options for remaining at the forefront of 
astronomical research and considered several different collaborative 
schemes. One was to join forces with the University of Arizona. Dif- 
ficulties associated with the Mount Graham site, as well as differences 
in research styles, made them hesitant to partner with Arizona scien- 
tists, whom they saw as relative newcomers on the frontier of large- 
telescope astronomy.!2 Another possibility was to join with the Univer- 
sity of California, an option that looked even more attractive after the 
1984 announcement of the $36 million donation from the Hoffman 
estate. 

During 1984, Caltech executives and Howard Keck, son of Standard 
Oil tycoon William M. Keck, held extensive confidential negotiations 
about a possible large donation. In August, University of California ad- 
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ministrators were informed of these discussions. David Gardner, presi- 
dent of the University of California, quickly found himself in the mid- 
dle of a high-stakes game.!’ His school still had the $36 million from 
the Hoffman bequest that would have positioned Caltech as a junior 
partner in a 10-meter project. Suddenly, Caltech was flush enough to 
build a 10-meter telescope by itself, using the University of California’s 
design. There was a chance that the University of California, after hav- 
ing invested years of effort, would be left behind. 

After weeks of discussion, during which Caltech made it clear that 
it was prepared to proceed alone, a solution was reached. Caltech 
and the University of California formed a joint corporation, composed 
of representatives from the two universities, to manage the telescope 
project. Keck’s donation would pay for most of the telescope, esti- 
mated now to cost about $85 million, and Caltech would legally own 
the facility. The University of California’s contribution would defray 
some of the annual operating costs, about $3.5 million a year for 25 
years; it also quietly returned the Hoffman donation. 

On January 3, 1985, Marvin L. Goldberger, Caltech’s president, 
shocked the science and philanthropy communities when he an- 
nounced the largest single gift ever made for a scientific project. Keck 
had offered Caltech $70 million to build the 10-meter Keck Telescope 
on Mauna Kea. Caltech’s private telescope would use the segmented- 
mirror technology developed by Jerry Nelson and his colleagues. Per- 
sonally, Jerry Nelson cared little about who paid for the telescope and 
was happy that Keck’s donation meant his design would be realized. 
Instead of being a lesser partner with the University of California, 
Caltech became the principal owner of the 10-meter telestpc proj- 
ect. There was speculation that Howard Keck, who was also!a Caltech 
trustee, might fund a second 10-meter instrument later. Speaking at 
the January 1985 press conference, Keck said that he was “making a 
significant gift to further the interests of science and the interest in 
mankind in learning why we exist.” Upon hearing the news, Ronald 
Reagan offered the presidents of Caltech and the University of Califor- 
nia his “best wishes for a New Year that has truly started off with a Big 
Bang.”!4 

Astronomers from Caltech and the University of California, who 
represented fewer than 5 percent of the astronomy community, were 
elated by the January announcement and the news that they would 
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share observing time on the giant new telescope. University of Hawaii 
astronomers also saw their scientific capital surge with the news; they 
were guaranteed 10 percent time on the Keck Telescope in exchange 
for providing a site on Mauna Kea. Jesse Greenstein, now 76 years old, 
rejoiced that this massive donation revitalized astronomy at Caltech. 
Greenstein lauded the cultural importance of Keck’s philanthropy, 
calling it practical and ennobling. The construction of the Keck Tele- 
scope signaled that private telescopes and university-based astronomy 
were not just alive; they were surpassing any plans for a new national 
facility.'° 

In September 1985, Howard Keck joined university officials to break 
ground for the telescope atop Mauna Kea. There were still many tech- 
nical intricacies to solve before the telescope could be built. Jerry Nel- 
son knew, for example, that his “bend-and-polish” technique could 
make mirror segments from circular pieces of glass, but the Keck Tele- 
scope’s design called for hexagonal segments. When Nelson’s team 
cut the circular pieces of glass into hexagons, the shape of the seg- 
ments changed unacceptably as the glass relaxed slightly. 

Unlike Arizona’s Mirror Lab, where all the casting and polishing 
were done at one university-run facility, the Keck Telescope’s manage- 
ment decided to let industry solve the final problems with the mirror 
segments. In late 1985, Caltech awarded a $10.8 million contract to 
Itek Optical Systems, a Massachusetts company with extensive defense- 
related experience. Delays and budget overruns soon frustrated scien- 
tists and engineers from the Keck project. Itek was more accustomed 
to large defense contracts rather than working closely with individ- 
ual university-based scientists. Besides cost and scheduling issues, staff 
from the Keck project complained that the contractor ignored their 
hard-won experience. “We knew more than Itek did in this area, and 
they weren’t willing to accept that,” recalled one senior manager.'° 
Eventually the Keck project took the contract away from Itek and 
gave it to Tinsley Laboratories, a California-based company that soon 
showed better performance. 

Nelson later admitted that fixing the distortions caused by cutting 
segments into hexagons was “a bigger problem than we had first 
thought.”!? To control these distortions, his group employed sets of 
small aluminum springs called “warping harnesses.” These forced the 
mirror segments to take the correct figure. Another technique the 
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project relied on was “ion figuring.” Technicians at Kodak gathered in- 
formation about each segment’s profile and an ion gun bombarded 
the high spots to create a more accurate optical surface. 

As money from Keck’s massive donation began to make itself felt, 
the organization of the 10-meter telescope project changed. Until 
about 1985, work on the telescope was largely the province of a rela- 
tively small group of astronomers and engineers, their efforts still di- 
rected toward research and development. Once construction began 
and expenditures soared, the project’s management became more 
complex. Nelson was still the 10-meter telescope’s chief scientist, but 
he and the other astronomers had to share power with a wider array of 
persons. The Keck project had a board of directors who gave overall 
guidance for the telescope. There was also a Science Steering Commit- 
tee, chaired by Sandra Faber and Wallace Sargent, which took respon- 
sibility for developing the instruments that would make the telescope 
scientifically useful. Other committees took responsibility for the tele- 
scope’s enclosure, its software, and electronics. The Keck Telescope’s 
organization began to more closely resemble a medium-sized space as- 
tronomy mission rather than the small university-based operation it 
once was. 

The project manager who oversaw the daily progress and problems 
was Gerald M. Smith, a former electrical engineer. Before joining the 
Keck project, Smith had worked on space programs for NASA’s Jet 
Propulsion Laboratory and had managed large projects like NASA’s 
lunar Ranger program and major satellite for infrared astronomy. In 
the 1970s, he also guided construction of a NASA-funded infrared 
telescope on Mauna Kea. This experience familiarized hi ith the 
mountain, local politics, and the difficulties of building a la ge facility 
under harsh conditions. 

Despite his experience, Smith’s appointment to the Keck Telescope 
project caused some astronomers, especially Nelson, a good deal of 
grief. The two did not develop a close or comfortable relationship. 
Smith tended to view the telescope project as a massive engineering 
undertaking rather than a personal dream nurtured for more than 
decade.!8 According to Nelson, Smith was an efficient, sometimes cold- 
hearted, manager who drove the project forward relentlessly. Nelson 
disliked Smith’s autocratic style, disagreed with his management tech- 
niques, and complained of being left out of important decisions. 
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Staff at Arizona’s Mirror Lab experienced similar growing pains. 
The Mirror Lab was founded largely on Strittmatter’s entrepreneur- 
ial leadership and Angel’s ideas. When the lab expanded and tele- 
scope projects began to anticipate receiving their mirrors, manage- 
ment and scheduling issues became increasingly important. The NSF 
continued to make large grants to Angel’s operation. By 1987 its an- 
nual budget was over $1 million. The agency, in turn, required prog- 
ress reports and more active management from NOAO and the Uni- 
versity of Arizona. 

From 1985 onward, as it scaled up to bigger mirror castings, the Mir- 
ror Lab comprised two distinct facilities under one roof. One was an 
experimental operation where almost every procedure was innovative; 
equipment was often hand-built, and the scientists were in charge. The 
other emerged as the Mirror Lab transformed itself into a small pro- 
duction facility where managers and engineers tried to run daily oper- 
ations with the reluctant acquiescence of the astronomers. Reconcil- 
ing these dual identities was difficult at times and took several years to 
achieve successfully. 

As it scaled up, the Mirror Lab developed the potential to compete 
with larger commercial firms specializing in large optics. In the mid- 
1980s, companies such as Corning in New York and Germany’s Schott 
Glasswerke displayed increasing interest in making large mirrors for 
the next generation of telescopes. Eschewing segmented and honey- 
comb-mirror technologies, these glass companies developed the capa- 
bility to fabricate thin meniscus mirrors as large as 8 meters. The scale 
of these industrial operations and the resources at their disposal were 
fundamentally different from the “cut-and-try” approach and incre- 
mental progress that prevailed at Angel’s relatively small lab. These 
differences set the stage for a fierce contest between competing mirror 
technologies—Angel’s honeycomb versus Corning’s meniscus—which 
nearly destroyed the Gemini Telescopes project a few years later. 


Dark Technologies 


Ever since Galileo showed his telescope to the Venetian senate, mili- 
tary leaders recognized the potential value of astronomers and their 
technologies. For a long time, this relationship was indirect. After 
World War II, however, defense interests began to influence and re- 
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shape astronomy. Radio astronomy, of course, benefited enormously 
from scientists’ wartime experiences with radar, while captured Ger- 
man V-2 rockets were the nucleus around which the entire field of 
space science coalesced. The postwar relationship between astrono- 
mers and the military was synergistic and often benefited both com- 
munities. Astronomers gradually availed themselves of new devices 
(like CCDs) developed originally for the military. They also took ad- 
vantage of declassified military studies for their research, such as the 
Air Force’s Infrared Sky Survey completed in the early 1970s. At the 
same time, the military valued scientists’ knowledge in the areas of op- 
tics, solar phenomena, and atmospheric seeing. 

Not surprisingly, civilian research was subordinate to military inter- 
ests. Astronomers often found themselves working with equipment 
inferior to that available to colleagues who worked on classified proj- 
ects. This did not mean that they had no inkling of technologies devel- 
oped in the world of classified defense research. As one astronomer 
quipped, “One of the most infuriating things is to know that a detector 
far better . . . is orbiting the earth, attached to a large optical telescope, 
looking downwards.”!9 

During the Reagan years, scientists and engineers continued to im- 
prove an array of classified military technologies that had some value 
to astronomy. A few eventually migrated from the secret world of classi- 
fied research to become part of the scientists’ toolkit. In the 1980s and 
1990s, astronomers worked feverishly to integrate a new technique 
called “adaptive optics” with the new generation of large telescopes 
and their ever more complex systems. Fs 

Almost as soon as the telescope was invented, ee the 
deleterious effect of bad seeing on their viewing. In time, t ey identi- 
fied the problem: Distant stars and galaxies emit light as spherical wave 
fronts that are scrambled upon entering the earth’s atmosphere. Cor- 
recting for this effect required equipment that could restore the origi- 
nal wave front pattern before the light was brought to the telescope’s 
focus. 

Horace Babcock, before he became director of Palomar, published 
an article that described a primitive method for “compensating astro- 
nomical seeing.”*” Babcock’s system began with an Eidophor, a device 
used in European theaters to project television pictures onto a movie 
screen. An Eidophor incorporated a mirror coated with a thin film of 
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oil encased in a vacuum. Babcock proposed that light from a tele- 
scope’s primary mirror be reflected to the much smaller Eidophor 
mirror. A beam of electrons would scan the Eidophor mirror, causing 
small changes in the oil film’s shape. If alterations to the mirror were 
made rapidly enough, the light’s wave front could be corrected for the 
poor seeing conditions before it was reflected to the focal plane. 

While Babcock believed the technical effort needed to integrate his 
hypothetical system with existing telescopes was too extensive, he iden- 
tified three basic elements that astronomers would need: a sensor to 
detect the incoming wave front, a deformable mirror, and a controller 
that used the sensor readings to adjust the mirror many times a sec- 
ond. Throughout the 1960s and 1970s, new technologies such as im- 
proved computers, microelectronics, and lasers enabled the military 
to explore the adaptive optics concept and develop it into a practi- 
cal tool. 

Realization of the potential of adaptive optics benefited from paral- 
lel improvements in infrared detectors. The areas of atmospheric tur- 
bulence that cause bad seeing become bigger at longer infrared wave- 
lengths. Therefore the telescope sees fewer “isoplanatic patches,” as 
astronomers call them, at these wavelengths. At infrared wavelengths, 
the deformable mirror would have to make fewer corrections per sec- 
ond and consequently speed and accuracy requirements for adaptive 
optics systems would be less severe. As a result, applying adaptive op- 
tics to infrared observing was a logical first step. 

In the early 1970s, the United States military was concerned with 
identifying newly launched Soviet satellites. While high-resolution 
photographs could be taken from the ground, the images were 
blurred by atmospheric turbulence. Throughout the 1970s, scientists 
and engineers from Itek Optical Systems and the Air Force explored 
ways to compensate. MIT’s Lincoln Laboratory also joined the effort 
as an outgrowth of its interest in propagating high-energy laser beams 
up through the atmosphere without undue energy loss.*! Optical engi- 
neers designed small glass mirrors with surfaces that could be accu- 
rately nudged by actuators a few millionths of a meter, thousands of 
times a second.22 Because their shape was flexible at that scale, optical 
engineers began to call these “rubber mirrors.” 

In the mid-1970s, after Itek’s engineers demonstrated that their 
prototype worked, the Department of Defense agreed to scale it up 
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for use on a real telescope. The military operated telescopes on a 
dormant volcanic peak on Maui called Haleakala that were not avail- 
able to civilian astronomers. By 1982, a traditional 1.6-meter telescope 
on Haleakala was reserved for the Air Force’s satellite-tracking pro- 
gram. The telescope featured a complex adaptive optics system whose 
construction demanded the integration of complex mechanical, opti- 
cal, electrical, and computer systems. Its heart was a mirror with 168 
separate actuators. Initial tests done by military scientists showed (al- 
though the results would not be released for years) that the system 
could easily resolve blurs, transforming them into images of closely 
spaced double stars. While many astronomers would have given a great 
deal for this capability, to the Air Force the stars were merely engineer- 
ing targets to help fine-tune the adaptive optics systems before track- 
ing fast-moving satellites. 

When Horace Babcock wrote his seminal 1953 paper on adaptive 
optics, he recognized one obstacle scientists needed to overcome if 
they wished to use adaptive optics on a regular basis. To send correct 
signals to a deformable mirror, they needed to know exactly how a 
wave front is distorted. For them to acquire that information, the wave 
front sensing device needed a strong signal from a bright “reference 
star” very close to whatever the Air Force satellite watcher (or astrono- 
mer) wished to observe. Unfortunately, there were not enough bright 
stars in the sky to provide sufficient reference beacons. This posed a se- 
rious limitation to the usefulness of adaptive optics. However, a possi- 
ble solution existed—what if astronomers could make “artificial stars”? 

One scientist who played an important role in developing what be- 
came known as “laser-beacon guide stars” was Robert Qin ugate. 
Fugate grew up in Dayton, Ohio, and, from an early age, was i iterested 
in both electronics and telescopes.?3 In 1970, after completing a doc- 
torate in physics at Iowa State University, Fugate faced a dismal market 
for academicians. Trained as an experimental physicist, he took a posi- 
tion at Wright-Patterson Air Force Base. Fugate soon began to appreci- 
ate the resources the military offered and found his interaction with 
scientists from universities, industry, and the military to have its own 
rewards. He devoted much of his career in the 1970s to the detection 
of laser beams, a topic that interested the military due to their poten- 
tial role in aiming missiles launched at American planes. 

In 1979, Fugate accepted a position at Sandia Optical Range on 
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sprawling Kirtland Air Force Base in Albuquerque, New Mexico. His 
classified research investigated how high-power laser beams were dis- 
torted as they traveled from the ground through the atmosphere to a 
target. This was the reverse analog of astronomers’ attempts to com- 
pensate for the distortion of starlight as it travels down through the at- 
mosphere. 

In 1981, Julius Feinleib, a scientist working for an MIT spin-off firm, 
suggested a way to get around the problematic lack of bright reference 
stars for adaptive optics. One night at Haleakala, he watched a series of 
laser pulses shot into the night sky. What would happen, Feinleib 
asked Fugate and others, if they used a laser beam fired into the lower 
atmosphere as their reference star? The beam would bounce off oxy- 
gen and nitrogen molecules—a process called Rayleigh scattering— 
and create a bright reference beacon. Feinleib, Fugate, and others 
presented this idea to JASON, a group of prominent scientists who 
advised government agencies on defense-related issues. The JASON 
group agreed the technique was promising and recommended the Air 
Force provide support.** 

In 1983, Fugate’s lab (eventually renamed the Starfire Optical Range) 
was one of two groups the Air Force selected to do laser-beacon experi- 
ments. This was the same year Ronald Reagan made his famous Star 
Wars speech; soon the military plunged ahead with a massive cam- 
paign to research technologies for the Strategic Defense Initiative.” 
SDI proponents talked of shooting high-powered laser beams from 
earth stations to satellites. This scheme required the laser beams to be 
transmitted with minimal energy loss from atmospheric turbulence. 
Adaptive optics offered a solution and, as a result, it benefited enor- 
mously from the SDI program, receiving an estimated $600 million 
over the next ten years.” 

Fugate was limited to presenting his lab’s progress at classified con- 
ferences. Technicians at the Starfire Optical Range began to adapt 
their prototype machines and techniques to a new, $800,000, 1.5-me- 
ter telescope. Fugate and his crew were soon working 80-hour weeks to 
develop the equipment and software that would link the telescope to 
their adaptive optics system. Once they had their deformable mirror 
in sync with the electronics and the telescope, they used it first with a 
bright natural star as a beacon. The next step was to switch to an arti- 
ficial beacon produced by their laser system. 
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Shortly after midnight on February 13, 1989, after a decade of late 
nights, Fugate and his team won the race to correct atmospheric blur- 
ring using a laser-guide star. “You can develop the theory about how an 
experiment should work. But there is nothing as exciting as actually 
doing it,” Fugate recalled. By adjusting their deformable mirror system 
more than 30,000 times a second, they reduced blurry, 2 arc-second 
smears to extra-sharp images of stars only 0.18 arc second in diameter. 
In the ensuing days, Fugate’s group used their system to look at objects 
like the Trapezium, a set of four stars in the Orion Nebula, and Saturn. 
“We were astonished at what we were seeing. This was before Hubble 
and we were getting images considerably better than almost anything 
previously seen from the ground on a regular basis. We just couldn’t 
tell anyone about them.”?” 

Excited by his lab’s success, Fugate lobbied the Air Force for an 
even bigger telescope. The new telescope would be used primarily to 
track and image satellites and continue Fugate’s adaptive optics exper- 
iments. Fugate persisted until the Air Force agreed to build a specially 
designed 3.5-meter facility. Because satellites move very fast across the 
sky, Fugate specified that his new telescope be able to move more 
quickly and point more accurately than any civilian telescope in exis- 
tence. Achieving this goal called for a very light mirror and, in Octo- 
ber 1988, the Air Force and Steward Observatory signed a contract for 
a 3.5-meter honeycomb mirror blank from Roger Angel’s lab.28 

This mirror, estimated to cost well over $3 million, was only part 
of an attractive package for the Arizona facility. The Air Force also 
wanted Roger Angel’s lab to polish its mirror and offered to fund fur- 
ther development of the innovative polishing techniques nin 
Lab was exploring. Casting the Starfire mirror was a substantial depar- 
ture for the lab, which was used to dealing with university astronomers. 
It was obliged to keep more detailed documentation, a requirement 
that helped the lab’s efforts to transform itself into a quasi-production 
facility. Moreover, the Air Force’s money kept the ever-struggling lab 
afloat and enabled it to make significant progress in mirror-polishing 
techniques that it otherwise could not have afforded. 

Reagan’s SDI program divided the American science community. 
Hundreds of physicists glommed onto missile-defense money while 
hundreds more pledged not to touch it. Astronomers, one popular sci- 
ence writer cautioned, should refrain from “crouching beneath the ta- 
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ble at which arms builders feast, hoping to catch a few crumbs” lest 
they become enlisted in the SDI program’s “blind stagger.” Hawkish 
pundits predicted that some day almost all adaptive optics hardware 
that trickled down to the civilian science community would carry “a 
‘Made by Star Warriors’ label.” Jerry Nelson reminded his colleagues 
that, while SDI might be spending vast sums money on technology that 
was somehow related to astronomy, their community had little to show 
for it.” 

The military remained close-lipped about the performance and 
technical specifications of its adaptive optics program. Civilian astron- 
omers were not unaware of the work Fugate was doing with adaptive 
optics. As early as the summer of 1985, some astronomers published 
papers describing their own variant of the laser-beacon concept devel- 
oped independently of the military. While civilian scientists succeeded 
in reinventing military techniques and equipment, their efforts were 
piecemeal. NOAO’s Advanced Development Program, led by Jacques 
Beckers, was one group of civilian scientists that explored the potential 
of adaptive optics for astronomy. Beckers became convinced that adap- 
tive optics offered a bonanza for astronomy. He hired several experi- 
enced scientists to develop expertise and equipment for getting better 
resolution from ground-based telescopes. By 1987, almost half of his 
budget went for adaptive optics.*” 

- Beckers and his staff recognized the relative ease of developing 
adaptive optics for use at infrared wavelengths. This complemented 
related efforts by NOAO to improve infrared detector arrays and to 
use adaptive optics for solar observing. The funding Beckers had, 
about $500,000 annually, was a pittance compared to what the mili- 
tary was lavishing on Fugate’s adaptive optics program. Despite this, 
Beckers and his group achieved some successes and they optimistically 
planned to integrate their nascent system with Kitt Peak’s telescopes. 
Hampered by insufficient resources and military secrecy, however, sig- 
nificant applications of adaptive optics for astronomical research had 
to wait until the Cold War ended. 


Taking Whatever They Could Get 


In 1985, Richard N. Malow had what many in Washington, D.C. con- 
sidered one of the city’s most powerful jobs. Holding the unassuming 
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title of “clerk,” Malow was the chief staff member for the House ap- 
propriations subcommittee that controlled the NSF’s budget. “King 
Malow” to some, he wielded substantial behind-the-scenes power on 
Capitol Hill. While Edward Boland and the other members of Con- 
gress met the press and appeared on talk shows, clerks like Malow 
worked discreetly to monitor and control the appropriations process. 
“Congress is charged with the power of the purse,” Malow explained, 
“We looked at every nit.”3! 

Tall, lanky, and bespectacled, Malow was a science and space buff 
with a manner that led at least one interviewer to conclude he would 
be an unrelenting poker player. In 1972, after earning his degree in 
political science, he moved to Washington and started working on the 
Hill.*° Malow especially monitored federal programs and agencies per- 
taining to science and technology. As one senior representative said, 
“Dick is my eyes, my ears, my antenna.” Malow made recommenda- 
tions to Representative Boland who, after approving them, took them 
to his appropriations subcommittee for discussion. Malow also pre- 
pared the probing questions Boland asked witnesses during annual 
hearings. In the mid-1970s, Malow gained notoriety among scientists 
for questioning the necessity of NASA’s Hubble Space Telescope. With 
Malow’s assistance, Boland challenged the project and the two men 
earned the respect, if not the love, of the astronomy community. 

One of Malow’s concerns was astronomers’ plans to build the 
NNTT. “In 1985, I was looking,” he recalled, “as was Boland’s commit- 
tee, at what were shocking deficits.” In December 1985, President Rea- 
gan signed the Gramm-Rudman-Hollings Act into law, compounding 
Malow’s worries. This law set targets for deficit reduction that lawmak- 
ers were obliged to meet to avoid automatic spending cut . Malow 
knew that true enforcement of the act “meant that agencies like the 
NSF were going to get hit hard.” The NSF had already committed itself 
to the Very Long Baseline Array (VLBA), astronomers’ first priority ac- 
cording to the most recent decadal survey. Malow also recalled that sci- 
entists, including astronomers, lamented how the NSF "s expenditures 
on large projects shortchanged funding for individual research grants. 
“I was very concerned, when it came to the NNTT, that we not get our- 
selves hooked on something that was going to cost $200 million or 
more and not be able to support it with the budget problems.” 

Even the Very Long Baseline Array, which ranked higher than the 
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NNTT in the Field decadal survey, ran into major political problems. 
In 1983, Malow and other House staffers prepared a report criticiz- 
ing the rising costs of the survey’s recommendations. In March 1984, 
armed with this report, Boland attacked the VLBA and, more broadly, 
the NSF. His congressional experience told him that if his committee 
permitted initial design work for new science facilities, scientists would 
respond by requesting more money to continue the project. Boland 
also complained that the NSF was not budgeting enough money for 
science education. In 1984, he won a political victory when he per- 
suaded his colleagues that 40 percent of the money the NSF requested 
for the VLBA should go to science education instead.* Recognizing 
an exceptionally poor climate for requesting money for yet another 
big project, the NSF wisely avoided discussing the NNTT at the 1984 
hearings. 

In 1985, Reagan nominated Erich Bloch to be the NSF’s new direc- 
tor. Bloch, formerly a vice-president and industrial engineer at IBM, 
was an unlikely choice for the top slot at the NSF. Unlike his predeces- 
sors, Bloch was neither an academic with a Ph.D. nor a scientist. His 
lack of traditional credentials, as well as his combative managerial 
style, stirred controversy among scientists. Bloch emphasized indus- 
trial competitiveness and engineering instead of the basic science 
research for which the agency was noted.** When he arrived at the 
NSF, Bloch recalled that George Keyworth, Reagan’s science advisor, 
ordered him to rejuvenate the agency and make it pull its weight by 
helping American industry.*” Astronomy and other basic science disci- 
plines did not have the same priority. 

Maarten Schmidt, the Caltech astronomer renowned for discover- 
ing quasars, was president of the American Astronomical Society from 
1984 to 1986. He recalled being asked to testify before a congressional 
subcommittee about astronomy in 1986. “It may be an original view,” 
Schmidt speculated, “but I think Mr. Bloch hated astronomy . . . I’m 
still not sure that Mr. Boland didn’t get to him.”5* One possible motive 
for the NSF director’s dislike of astronomy came soon after Bloch took 
his new post. 

In February 1985, Bloch appeared before Boland’s subcommittee 
for the first time as the new NSF director. When it came to astronomy, 
the honeymoon did not last long. Dick Malow was well aware of the re- 
cord-setting donation the Keck Foundation had made for a 10-meter 
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telescope. Two weeks before the hearing, the New York Times ran a 
story describing the Keck Telescope. The article quoted Jesse Green- 
stein saying that the new facility would “be able to conduct observa- 
tions far beyond the reach of the Space Telescope” at a fraction of the 
cost.*° The article, which Malow provided to Boland, also described 
the NSF’s plan for a new 15-meter national telescope that would be 
even more powerful than the Keck Telescope. 

Boland, long opposed to NASA’s space telescope, was incensed by 
the article. He recalled that when NASA officials testified before his 
subcommittee, they promised the Hubble Telescope would make all 
other optical telescopes virtually obsolete. “What Dr. Greenstein is say- 
ing, in effect, is that we have spent $1,175,000,000 to date on a tele- 
scope that is not even launched as yet,” Boland said, “but will be far 
less capable than the $70 million to be spent on this ground-based 
telescope.” After Boland patronizingly offered copies of the New York 
Times article to the NSF representatives, no one from the agency dared 
bring up funding the NNTT. 

Bloch’s already less-than-favorable views of astronomers suffered an- 
other blow when a few lawmakers took the NSF to task for a manage- 
rial misstep made by John Jefferies. As NOAO’s new director, Jefferies 
proposed that the national observatory alleviate its budget woes by 
closing the solar telescopes it operated at Sacramento Peak, New Mex- 
ico. Solar astronomers rapidly mobilized in protest and Bloch found 
himself being politely grilled by Senator Pete Domenici of New Mex- 
ico. Under the watchful eyes of New Mexico’s elected officials, the fa- 
cilities remained open. Jefferies, along with AURA and NOAO, suf- 
fered considerable political fallout from the debacle, and his alpthority 
as NOAO’s director was compromised. 

As Leo Goldberg had predicted, news of the Keck Telescope’s fund- 
ing diminished the likelihood that Congress would authorize money 
for the NNTT. Why, Malow asked, would the federal government in- 
vest $100 million or more in a telescope when philanthropists were al- 
ready providing the same service?! The federal government, some 
lawmakers reasoned, had met its obligations to astronomy by funding 
the Hubble Space Telescope and the NSF’s new radio telescope array. 
Meanwhile, x-ray astronomers were clamoring for their own billion- 
dollar space telescope. When it came to asking for more telescopes, 
Boland wryly observed, “astronomers will take whatever they can get 
and more.”*2 
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The Challenger explosion in January 1986 grounded NASA’s space 
shuttle fleet and brought another lengthy setback for space astronomy. 
Optical astronomers had been anticipating the Hubble Telescope for 
more than a decade and were understandably disappointed. George 
Field, after reviewing how astronomy was faring after his decadal sur- 
vey, reminded colleagues that delays and cost increases reflected badly 
on all of them. If astronomers wished to be rewarded with bigger and 
more expensive facilities, Field argued they had to demonstrate that 
they could handle management as well as scientific challenges.* 

The average Congress member seemed not to understand that both 
NASA and the NSF funded astronomy and tended instead to see all 
money spent on telescopes as “supporting astronomy” regardless of 
where the money went. Some ground-based optical astronomers be- 
lieved they had been unfairly neglected while radio and space-based 
astronomers enjoyed relatively ample funding for grander projects. 
Moreover, the European Southern Observatory and Japanese astrono- 
mers had made public their bold plans to build giant telescope facili- 
ties. America’s astronomers, some in Washington reasoned, could just 
as well do research at facilities paid for by some other government.* 
Malow, as yet unconvinced of astronomers’ need for another national 
‘telescope facility, continued to keep a watchful eye on their long-range 
plans. 

Despite imposing political and financial obstacles, Jacques Beckers, 
Larry Barr, and other advocates for the NNTT worked to build sup- 
port for a new national telescope in the astronomy community. They 
promoted the telescope project through newspaper articles and press 
releases and gave talks to astronomy departments all over the country 
about plans for a new national telescope. Community interest in the 
project failed to reach a critical mass, however. From Beckers’s per- 
spective, the fight for the NNTT needed victories on at least three 
fronts. One, of course, was the political battle for funding in Washing- 
ton. There could be no progress unless the astronomy community 
spoke with a clear and unified voice in support of the telescope. Scien- 
tists at schools with their own telescope facilities—astronomy’s “haves” 
—had their own plans for bigger instruments like the Keck Telescope. 
Amongst the have-nots, there was “a big fear that this grandiose 
project would push the little guy out of the way. 45 The have nots were 
the majority of the astronomy community and they worried that the 
NNTT’s cost would force the closure of smaller national telescopes on 
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which their careers depended. Meanwhile, even if the NNTT was built, 
observing time on this cutting-edge research instrument would be lim- 
ited while astronomers’ research proposals would undergo fierce peer 
review for the time available. 

Poor relations across Cherry Canyon between NOAO and Steward 
Observatory frustrated Beckers and hurt progress on the NNTT. He 
had worked closely with many of the Steward scientists while directing 
the Multiple Mirror Telescope Observatory. While he personally got 
along with Roger Angel and Peter Strittmatter, there was a larger insti- 
tutional conflict. The slow progress of the Mirror Lab in scaling up to 
bigger castings added to his misgivings. He drew graphs showing when 
the lab had predicted it would make its first 8-meter mirror versus ac- 
tual progress and “they didn’t converge for many years.” In fairness 
to the Mirror Lab, incremental funding from the NSF coupled with its 
annual uncertainty made it difficult to develop and keep realistic long- 
range plans. 

John Jefferies also disliked the arrangement he inherited from Bur- 
bidge for supporting the Mirror Lab financially. Under Burbidge’s 
leadership, money from the NSF went to the national observatory, 
which then subcontracted the work to Steward Observatory. Jefferies 
found it difficult to monitor the Mirror Lab’s progress and expendi- 
tures, an arrangement that contributed to bad feelings between Stew- 
ard and NOAO. The NSF was concerned enough to request monthly 
progress reports about the Mirror Lab from the national observatory.*” 

The NSF, perhaps sensing a lack of community consensus for the 
NNTT, refused to commit firmly to the project either to Congress or 
to scientists. The NSF’s Division of Astronomical Sciences tol John 
Jefferies that the science agency enthusiastically advocated NOAO’s 
development of “new telescope technology,” but did not support “a 
specific instrument called the National New Technology Telescope 
project,” which was “neither proposed nor funded.”# Jefferies, strug- 
gling in the face of NOAO’s declining budget, did not enthusiastically 
support the new national telescope in the same manner as Goldberg 
or Burbidge had. 

By the end of 1986, the New York Times noted that “budget con- 
straints have stalled this country’s most ambitious astronomical proj- 
ect.” The NNTT project had become unstable. Community support 
for it was not overwhelming, and its future challenges considerable. 
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While the NNTT was designed bigger than any other telescope proj- 
ect, astronomers and administrators questioned its scientific justifica- 
tion when private and international groups were building roughly 
comparable facilities. At the same time, community dissension about 
the future of NOAO as a scientific institution was growing. 


Future Directions 


While the skies darkened for the national observatory and its giant 
telescope project, they were bright for astronomy as a science. In 1987, 
the sudden appearance of a supernovae visible to the naked eye in- 
spired astronomers’ research. A year earlier, Margaret J. Geller and 
John P. Huchra, two astronomers from the Harvard-Smithsonian Cen- 
ter for Astrophysics, released the first results from an extensive sur- 
vey of galaxy redshifts. Working with other astronomers and using 
data obtained mostly with modest-sized telescopes, Geller and Huchra 
mapped the position and recession speed of tens of thousands of gal- 
axies. Instead of a uniform distribution, Geller and Huchra found the 
galaxies stretched out in space in a massive sheet-like structure over 
800 million light years long but only 20 million light years tall. One of 
‘the first images released from the survey showed that the points on 

_ their map, each representing the position of an entire galaxy, formed 
a human-like stick figure. This eventually became an icon of late-twen- 
tieth century science; Geller and Huchra dubbed this galactic arrange- 
ment “The Great Wall.” Its discovery encouraged astrophysicists’ con- 
tinuing reappraisal of the universe’s large-scale structure. 

Another team of observational astronomers and theorists, led in 
part by Sandra Faber, was discovering an additional example of large- 
scale structure in the universe. Using data obtained from studying the 
velocities of several hundred elliptical galaxies, a team of seven scien- 
tists announced that the Milky Way galaxy, along with many others, 
were streaming toward what they called the “Great Attractor.”>! This 
was a huge concentration of mass, equivalent to a half a million galax- 
ies or more, that stretched over hundreds of millions of light years. 
The detection of the Great Wall and the Great Attractor shook up cos- 
mologists’ understanding of the universe and helped stimulate astron- 
omers’ demand for more and larger telescopes. 

1987 was also a watershed year for NOAO. Lack of support for its 15- 
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meter telescope project had reached a critical state. More broadly, 
many in the astronomy community perceived a crisis regarding the 
ambitions and future of the entire national observatory system. With 
universities already planning and building the next generation of 
large telescopes, what was NOAO’s purpose? Some astronomers pro- 
posed reducing the role of the national observatory and giving more 
federal resources to private and state-operated institutions. Others 
favored the opposite—a stronger and more prominent position for 
NOAO in American astronomy. 

In 1986, the AURA board selected Goetz K. Oertel as its second 
president and asked that he help resolve these dilemmas. Oertel grew 
up in the harsh conditions of wartime Germany. After the war, he stud- 
ied physics at Christian Albrechts Universitaet in Kiel. In 1957, he re- 
ceived a Fulbright scholarship and emigrated to the United States, 
where he finished his doctorate in the University of Maryland’s phys- 
ics program. After doing research in solar physics, Oertel gradually 
moved into science administration at NASA and the NSF. He quickly 
earned the respect of Leo Goldberg and saw the older astronomer as a 
mentor. In 1978, Oertel took a new position in the Department of En- 
ergy where he oversaw large-scale programs at Savannah River and Los 
Alamos. Out of astronomy’s mainstream for years, Oertel was pleased 
and somewhat surprised to be recruited by AURA. He was also well 
aware of the traditional divisions in the community between the haves 
and have-nots. 

Soon after Oertel became AURA’s president, John Jefferies stepped 
down as the director of NOAO. Sidney Wolff, Jefferies’ protégé, took 
over in early 1987 as NOAO’s first woman director. Oertel an deWolff 
both began to question the future of the NNTT and, more roadly, 
how the national observatory fit into America’s science portfolio, 

Oertel believed the NNTT project was flawed politically and techni- 
cally. “Four 8-meter telescopes on a common mount sounded itself 
like a tremendous challenge,” Oertel recalled. “If that system had 
somehow not worked, you would have had four telescopes forever con- 
demned to look in the same direction.”=2 While Wolff was Kitt Peak’s 
director, she witnessed the difficulties facing the NNTT and saw that 
NOAO’s efforts to sell the idea to the community, Congress, and the 
NSF were flagging. “Building that telescope would have probably cost 
twice as much as the most expensive project that NSF had ever under- 
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taken,” Wolff said, “and the astronomy community was not very ex- 
cited about the science it could do.” 

Oertel, working at AURA’s headquarters in Washington, D.C., also 
began to hear unpleasant sounds from Capitol Hill. “The NNTT 
didn’t fall on very good ears in some parts in Congress and also at 
the NSF.” Oertel soon got a phone call from Dick Malow, “who really 
lambasted me for even talking about the telescope because he said, 
‘You’re not supposed to be spending any money on it!’ It was made 
very clear to me this wasn’t the way to go or else there was a long way to 
go to convince the system that this was the thing to do.” 

In response, Oertel commissioned the Future Directions for NOAO 
Committee. Like the soul-searching exercise initiated by Goldberg 
a decade earlier, AURA asked the committee to articulate the appro- 
priate role for the national observatory. Steve Strom, an astronomer 
at the University of Massachusetts and a former Kitt Peak scientist, 
chaired the diverse group of sixteen prominent astronomers from pri- 
vate, state, and federal institutions. In August 1987, the AURA board 
convened a retreat for its members in the mountain resort of Key- 
stone, Colorado. Members of Strom’s committee attended along with 
NSF representatives. The crucial issues on the agenda were the future 
‘role of NOAO, the needs of the American astronomy community, and 
the types of facilities the national observatory should develop.” 

As he listened to participants debate, Strom saw the national obser- 
vatory and the NNTT project simultaneously under pressure from dif- 
ferent factions in the community. “There were two competitions. Be- 
tween the elitist institutions who didn’t want NOAO to succeed and 
the smaller institutions that didn’t want NOAO to succeed but for very 
different reasons.” Frank Low, Arizona’s renowned infrared astrono- 
mer, was also on the committee, and he agreed that the fundamental 
battle here was between astronomy’s haves and have-nots.”° 

One option they discussed was for NOAO to be America’s premiere 
institution for ground-based optical and infrared astronomy, analo- 
gous to the United Kingdom’s Royal Observatories. Achieving this 
“flagship NOAO” meant giving the 15-meter NNTT highest priority. 
Those in favor said this could increase the programmatic coherence, 
political unity, and competitive strength of American astronomy. Oth- 
ers countered that the plan was impossible to implement given the 
limited federal funding available. And, just as Leo Goldberg found in 
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1976, no one realistically expected that the top-tier private and state- 
funded observatories would cede their prestige (and the accompany- 
ing federal funding) to NOAO voluntarily. 

At the other extreme, some on Strom’s committee proposed that 
NOAO should only supplement the research programs of private and 
state-run observatories. NOAO under this service model would be 
analogous to the NSF’s Antarctic Program, which operated facilities 
for other scientists to use. The service model would consume minimal 
federal funds and leave the lion’s share of money to the other observa- 
tories. NOAO would not be expected to contribute much scientifically 
to astronomy and future national facilities such as the NNTT would 
not be built. Critics pointed out that a national observatory operated 
this way would become a government-maintained lab perpetually 
fending off mediocrity and elimination. 

In the end, the committee chose a middle strategy described as “first 
among equals.” NOAO would complement the private and state obser- 
vatories, leading in some areas and providing support in others. This 
meant NOAO would build new telescopes to the extent that they were 
not being pursued by other private groups, concentrate on unique ar- 
eas of instrumentation and research, and still continue to provide sup- 
port for American astronomers lacking their own resources. In other 
words, NOAO still had to meet the needs of practically the entire as- 
tronomy community.°” 

Participants at the Keystone meeting didn’t take a vote to kill the 
seven-year-old NNTT project even though its flaws were now clear. Low 
recalled, “Although on paper the NNTT would produce siapd re- 
sults—lots of collecting area and lots of spatial resolution—it’ was go- 
ing to be very expensive. It wasn’t going to be quick. It wasn’t 1 ee to 
have any predictable payoff. It had a lot of lofty goals but it wasn’t suf- 
ficiently practical. ”58 

Strom’s committee still believed the national observatory needed a 
big project. “It needed to be more realistic, something that could be 
achieved relatively quickly,” Frank Low explained, “It had to be tech- 
nologically innovative, offer scientifically compelling justification, and 
be a good illustration of the kinds of things that the national telescope 
could do.” As they examined their options, participants at the meet- 
ing kept returning to stratagems based on building 8-meter telescopes. 

In September 1987 the Future Directions Committee released its 
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final report. It recommended that NOAO “build as rapidly as feasible 
two 8-meter class telescopes (one in each the Northern and South- 
ern hemispheres) with superlative image quality and located at excel- 
lent sites” instead of the NNTT. Shortly after the Keystone meeting, 
AURA’s board affirmed this advice and voted to “construct and oper- 
ate 8-meter telescopes to provide outstanding research facilities for 
the U.S. optical and infrared astronomy program during the early 
1990s.”6! Officially, these 8-meter telescopes were pitched as stepping- 
stones to AURA’s long-term goal of building the NNTT in the mid- 
1990s. It is unlikely that this mollified any NNTT supporters, who 
surely knew that building even one 8-meter telescope, let alone a pair, 
would take a decade or more. 

Roger Davies had come to Kitt Peak in 1982 as a young scientist and 
helped promote the NNTT; he was still at the national observatory 
when the Keystone meeting took place. Davies was one of the astrono- 
mers in the midst of discovering the Great Attractor and in an espe- 
cially productive time in his career. He observed the NNTT’s cancella- 
tion jar the staff at NOAO. “It was a catastrophe. When the AURA 
board decided to build the two 8-meters, morale went through the 
floor.” After the NNTT was canceled, several experienced astrono- 
-mers and engineers left the national observatory. With NOAO’s plans 
scaled back and astronomers in the United Kingdom talking about 
- building their own 8-meter telescope, the differences between the two 
science communities was lessening. Davies, despite having tenure at 
NOAO, returned to England to help jump-start a large telescope proj- 
ect there. To Davies, the events in the summer of 1987 were part of a 
larger pattern. “The national observatory can have as large a telescope 
as they like as long as its mirror is not bigger than 80 percent of what 
Caltech has!”® 

There were other casualties. Since 1984, inflation and budget stag- 
nation had seriously eroded NOAO’s purchasing power by as much as 
20 percent. To save money, Sidney Wolff recommended that the entire 
Advanced Development Program be closed.® Jacques Beckers’s hopes 
for the national observatory to develop cutting-edge technology col- 
lapsed and most of the astronomers he had recruited dispersed to de- 
velop their techniques elsewhere. Beckers himself left NOAO to take a 
position with the European Southern Observatory. 

In the end, American astronomers and science managers decided 
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that telescopes less ambitious than the NNTT, but still very powerful, 
would enhance the health of American astronomy and enable the 
continued existence of NOAO. The introspective examination that 
Oertel, Wolff, and the Future Directions Committee undertook kept 
NOAO alive as an institution that offered more than services. It also 
kept NOAO as a player in the quest for bigger telescopes, something 
that was especially important for NOAO at this time. By late 1987, 
several different large telescope projects were already underway. Not 
to be left behind by the Keck project, the Carnegie Institution of 
Washington announced plans for its own 8-meter telescope. The Uni- 
versity of Arizona had its unique Large Binocular Telescope as well as a 
plan to convert the Multiple Mirror Telescope it jointly operated with 
the Harvard-Smithsonian Center for Astrophysics to a single 6.5-meter 
mirror. The Japanese were planning an 8-meter national facility for 
Mauna Kea that spared no expense. Trumping all of these was the am- 
bitious plan the European Southern Observatory formally announced 
in 1987 for the Very Large Telescope, an array of four 8-meter tele- 
scopes in Chile estimated to cost more than a quarter of a billion 
dollars. 

NOAO and AURA’s institutional security came at a price. For over a 
decade, the national observatory had nurtured plans for a giant new 
telescope that would serve the entire science community. Budgetary, 
technical, and political obstacles forced NOAO’s astronomers and en- 
gineers to scale back their ambitions twice—from the 25-meter NGT to 
the 15-meter NNTT and then to two 8-meter telescopes. Given the big 
projects now envisioned by many groups worldwide, NOAO might 
soon find itself less competitive and operating smaller telesé es. If 
this happened, NOAO’s position on the frontline of ey tech- 
nology, already seen as precarious by some, would sink lower. 

Oertel saw the NNTT simply “fade away like MacArthur, an old sol- 
dier” after the August meeting in Keystone. Afterwards, many astrono- 
mers saw the NNTT asa technological dead end or simply a misguided 
program. In spite of this, the NNTT was nota complete failure. It nur- 
tured the successful development of Nelson’s segmented mirrors and 
Angel’s innovative spin-casting and polishing techniques. These tech- 
nologies helped astronomers break away from the Palomar paradigm 
that had dominated telescope design for decades. The effort also 
kept the national observatory involved in a technologically challeng- 
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ing project that was highly visible to (if not fully supported by) the sci- 
entific community and funding agencies. 

Goldberg had accurately predicted the challenges the NNTT and 
the national observatory would confront. By the late 1980s, some as- 
tronomers looked forward to new large telescopes funded by generous 
private and state monies. University astronomy had not withered away 
and Jesse Greenstein’s beloved “aristocratic astronomy” was more pow- 
erful than ever. As George H. W. Bush campaigned for President, 
Oertel and Wolff began the daunting task of creating broad support 
and finding funding for the 8-meter national telescopes. They both be- 
lieved the twin 8-meter project was important for America’s scientific 
competitiveness and essential for the national observatory’s future. 
While the telescopes might not claim bragging rights to the world’s 
largest mirrors, Oertel and Wolff believed they would still be excellent, 
even essential, tools for astronomers. 

On November 1, 1987, a few months after AURA abandoned the 
NNTT, Leo Goldberg died. Reflecting on his former classmate’s life 
for a memorial, Greenstein said, “all the seeds of his personality were 
already in place when [we were] struggling at Harvard . . . Leo was 
both an important scientist and leader, but not a saint.” Nevertheless, 
Greenstein urged the writer to “emphasize the positive and not look 
for spots on the sun.”® 


CHAPTER 6 


Astropolitics 


Goetz Oertel was familiar with Otto von Bismarck’s saying, “He who 
has his thumb on the purse has the power.” After AURA’s 1987 retreat 
in Colorado, Oertel and NOAO staff committed themselves to build- 
ing two 8-meter telescopes all American scientists could use. They 
soon watched as political and fiscal realities transformed their ambi- 
tions into an undertaking few might have imagined a decade earlier. 
Instead of a strictly American project, the Gemini 8-Meter Telescopes 
project became an international endeavor involving the United States, 
Canada, and the United Kingdom and one in which the U.S. had only 
a 50 percent share. Bismarck also said, “Politics is the art of the possi- 
ble,” a maxim that astronomers were obliged to heed as they planned 
their next move. ; 

Government support of British astronomy began in ee when 
Charles II chartered the Royal Greenwich Observatory and a ) pointed 
John Flamsteed as the first Astronomer Royal. Professional astrono- 
mers’ reliance on the crown’s largesse for telescopes and research sup- 
port continued into the twentieth century, and the long tradition of 
philanthropic and university support that American astronomers en- 
joyed was absent in the British science community. 

After World War II, Great Britain did not emphasize ground-based 
optical astronomy. While the clear nights and high mountain peaks of 
the western United States helped make America preeminent in optical 
astronomy, England’s climate encouraged research and instruments at 
radio astronomy’s frontier as well as excellence in theoretical astron- 
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omy. When Great Britain did build a new optical telescope, internal 
politics led to its location outside of London near what was then the 
Royal Greenwich Observatory’s headquarters. With skies overhead of- 
ten obscured by clouds, the 98-inch Isaac Newton Telescope never met 
scientists’ hopes that it would be Britain’s “greatest single contribution 
to the development of observational astronomy.”! 

While English astronomers waited for the Isaac Newton Telescope— 
its planning and construction process took 21 years—the British gov- 
ernment reorganized its scientists. In 1965, hoping to establish greater 
control over scientific research and enhance economic prosperity, the 
government established the Science Research Council (later called 
the Science and Engineering Research Council or SERC).? In the pro- 
cess, the Royal Greenwich Observatory and the Royal Observatory, Ed- 
inburgh, were placed under SERC’s control. 

Over the next twenty years, SERC’s support of astronomy in general 
decreased by more than a third; optical astronomy fared even worse. 
The loss of basic science funding coupled with a lack of suitable ob- 
serving sites and first-class telescopes resulted in what one senior scien- 
tist called a “missing generation of astronomers.” The optical astron- 
omy that was done tended to be very traditional—“brass telescopes 
and celestial mechanics” as one astronomer derisively recalled.* Brit- 
ain’s refusal to join the European Southern Observatory in 1962 exac- 
erbated the situation. Unhappy with the short shrift optical astronomy 
was receiving, many British scientists took their talents and research 
programs to the United States, where they made important research 
contributions and won leadership roles in the American community. 

In the 1970s, the fortunes if not the funding of British observational 
astronomy began to improve. In 1967, SERC authorized a joint British- 
Australian project to build a 3.9-meter telescope in New South Wales. 
The Anglo-Australian Telescope was similar to the successful 4meter 
designs used for AURA’s telescopes at Kitt Peak and Cerro Tololo and 
astronomers began observing with it in 1975. 

The Anglo-Australian Telescope served as a rallying point for Brit- 
ain’s moribund optical astronomy community and demonstrated to 
British astronomers that international collaborations were a viable way 
to obtain access to well-sited bigger telescopes. Michael G. Edmunds, a 
graduate student at Cambridge when the AAT opened for business, re- 
called, “The AAT opened up the possibility that younger people could 
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get access to a large telescope.” Roger Davies, another young British 
astronomer in the late 1970s, called the AAT “the major develop- 
ment that brought U.K. optical and infrared astronomy into the mod- 
ern éra.’? 

Astronomers using the AAT took advantage of its sophisticated in- 
strumentation. One of these devices was the Image Photon Counting 
System (IPCS). It was built in the early 1970s by a young British scien- 
tist named Alec Boksenberg. He developed the IPCS to be analogous 
to the human eye so it both recorded and processed images. The com- 
plex electronic system had an image tube at one end to intensify light 
collected by the telescope. Boksenberg coupled this to a television 
camera so the IPCS could both record and show what the telescope 
was observing. The result was a very sensitive light detector that of- 
fered astronomers two-dimensional images in real time (unlike a CCD, 
which is read out only after a period of time has elapsed.) Boksen- 
berg’s device had a loudspeaker attached to it so, as Edmunds re- 
called, “you could actually hear the photons coming in—bip, bip, 
bip—and watch the image build up. It was very exciting to use.”6 

Copies of the IPCS were built and used at the Anglo-Australian Ob- 
servatory and at Palomar. Boksenberg himself co-authored several pa- 
pers with Caltech astronomers after they collected data with his IPCS 
system on the 200-inch. These successes won Boksenberg the direc- 
tor’s office of the Royal Greenwich Observatory (RGO) in 1981. He 
quickly developed ambitious plans for optical astronomy in the United 
Kingdom. As the new director of a centuries-old institution, Boksen- 
berg later explained, “it was necessary to re-direct or re-emphasize the 
work of RGO away from some of its more traditional acti it AER te 
Recognizing that a new facility could give new life to British optical as- 
tronomy, he encouraged Great Britain to develop a new observatory 
on San Miguel de la Palma, an 8,000-foot mountain in the Canary Is- 
lands. The project was another successful international partnership 
for British astronomers, who shared management tasks and financial 
responsibilities with Spain, Sweden, and Denmark in exchange for ob- 
serving time. 

In 1985, British scientists inaugurated their new facility and they 
soon transferred the formerly hapless Isaac Newton Telescope to La 
Palma’s sunny skies. The observatory continued to grow as funding 
from SERC enabled completion of the 4.2-meter William Herschel 
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Telescope (the world’s third largest at that time) in 1987. On Boksen- 
berg’s watch, RGO became a major player in optical astronomy; much 
of that vitality was centered on La Palma and the new telescopes there. 

La Palma was not the only site for telescopes British astronomers 
were developing, nor was RGO the only royal observatory. The Royal 
Observatory, Edinburgh (ROE) was founded in 1834 by royal decree 
and directed by the Astronomer Royal for Scotland. In the mid-1980s, 
Malcolm Longair was ROE’s director. A Scotsman who received his 
doctorate degree at Cambridge’s famous Cavendish Laboratory (of 
which he later became director), Longair first specialized in radio as- 
tronomy. He later was the only non-American selected by the Space 
Telescope Science Institute to give scientific advice to NASA’s Hub- 
ble Space Telescope project. Both he and Alec Boksenberg were ap- 
pointed directors of royal observatories while unusually young, some- 
thing Longair attributed to the missing cohort of talented British 
optical astronomers who had left England for lack of good telescopes.* 

While Boksenberg’s observatory developed La Palma, ROE built 
its new telescopes on Mauna Kea. In 1979, ROE began managing 
the United Kingdom Infrared Telescope, the world’s biggest telescope 
dedicated exclusively to infrared observing. One of the special fea- 
tures of what astronomers called the UKIRT was its 3.8-meter mirror. 
Only half as thick as the mirrors of conventional telescopes at that 
time, its design foreshadowed the commercial development of thin 
meniscus mirrors by commercial firms like Corning. 

Astronomers, including many in Britain, were increasingly inter- 
ested in exploring the sky at infrared wavelengths, thanks in part to 
the improving capabilities of infrared detectors and instrumentation. 
They also looked forward to combining infrared data with infor- 
mation from traditional optical wavelengths. One of these scientists 
was Charles Mattias (Matt) Mountain, a sturdy-looking man with curly 
blond hair whose rapid talking was interspersed with a wry sense of hu- 
mor. Mountain came from what he called a traditional English family 
“who did sensible things.” His mother’s family was Swedish and artisti- 
cally inclined. As a young boy, Mountain struggled in school—he later 
believed a mild dyslexia hindered his early learning—and his parents 
had limited career aspirations for their son. 

Nonetheless, Mountain did well in math and science courses and 
originally considered a career in high-energy physics. During a sum- 
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mer at CERN, Europe’s center for particle physics, Mountain worked 
for a large collaborative project when “it dawned on me that particle 
physics wasn’t what I was looking for.”® His graduate advisor at Impe- 
rial College steered him toward astronomy and he finished his doc- 
toral degree there in 1983. Mountain discovered that infrared observ- 
ing was the “physicist’s astronomy with all the detectors and dewars. 
The infrared lab made sense to me as a physicist.” His talent for build- 
ing instruments—he designed an infrared spectrometer for his disser- 
tation—caught Malcolm Longair’s attention and he was recruited per- 
sonally by the Astronomer Royal of Scotland to join the ROE’s staff. 

At ROE, Mountain and others were assigned to particular projects 
to build new instruments. He found a “creative tension” there as 
Longair encouraged scientists to work alongside engineers and techni- 
cians. As ROE’s director, Longair reorganized the institution so the 
chief engineer reported directly to him rather than having this per- 
son’s input and opinions filter up to him through the science staff. At 
ROE, it was not uncommon for instrument projects to have one scien- 
tist for every ten engineers or technicians. This style, Mountain be- 
lieved, contrasted with astronomy’s traditional “principal investigator 
model” in which work was led by a single scientist (perhaps helped by a 
student or two) with the engineers in a subordinate role. By 1985, the 
twenty-nine-year-old Mountain was the project scientist for a new $1.2 
million spectrograph ROE was building in conjunction with a large 
team of engineers, optical designers, and software specialists. Given his 
initial distaste for the large-scale and impersonal nature of high-energy 
physics, Mountain found the irony rich. “You need professignal engi- 
neers so things get done right. The scientist helps keep that lage team 
going,” he explained. “The single investigator approach wasn’t going 
to cut it at the front rank in the U.K.” 

By the mid-1980s, British astronomers saw their community divided 
along several axes. Boksenberg’s RGO was allied with European part- 
ners at its La Palma site and its staff was predominantly doing astron- 
omy at visible wavelengths. Longair and the ROE were more ac- 
quainted with the American astronomy community via their facilities 
on Mauna Kea and were especially committed to infrared astronomy. 
Some astronomers also perceived a generation gap as younger scien- 
tists often collaborated with American colleagues and accepted jetting 


off to Hawaii or Australia to collect data for a few nights as a normal 
part of their job.! 
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Richard S. Ellis was one of the young British scientists who was used 
to observing on Mauna Kea. He had wanted to be an astronomer ever 
since he was six years old. He built his own telescopes and read shelves 
of popular astronomy books as a teenager. While a graduate student at 
Oxford, Ellis traveled to Australia to do research on the Anglo-Austra- 
lian Telescope. He made good use of Boksenberg’s new IPCS detector 
system and saw how a new telescope equipped with state-of-the art in- 
struments had revitalized optical astronomy in the United Kingdom. 

In the mid-1980s, British astronomers were considering what their 
next big telescope project should be. SERC’s studies recommended 
different options.!! To chart priorities, SERC established a Large Tele- 
scope Panel in early 1987 and asked Ellis to chair it. At this time, Ellis 
was a thirty-six-year-old astronomer building his career at the Univer- 
sity of Durham. Besides Ellis, the panel had only two other members: 
Michael Edmunds from the University of Wales and James H. Hough, 
a physicist at Hatfield Polytechnic. The panel members were all rela- 
tively young and they harbored ambitions to put British optical astron- 
omy at the leading edge. This meant securing access to the next gener- 
ation of big telescopes. Ellis and his panel realized SERC would balk at 
funding another British-only telescope project so soon after the com- 
pletion of new telescopes on Mauna Kea and La Palma. International 
collaboration, therefore, was the path most likely to lead to a larger 
telescope for their community. Their main dilemma was finding a suit- 
able partner. 

Members of the Large Telescope Panel began traveling all over the 
world to court potential collaborators. Sometimes they even began 
their presentations with a slide reading “U.K. Large Telescope Mar- 
riage Brokers.” They sought out Japan’s astronomy community (then 
planning an 8&-meter national telescope on Mauna Kea) and negoti- 
ated with German scientists as well as representatives from the Euro- 
pean Southern Observatory. 

In March 1987, Ellis met with John Jefferies, then still the head of 
the National Optical Astronomy Observatories, in Tucson. With sup- 
port for the NNTT project waning, Jefferies believed this was “an op- 
portune time to move” on a joint American-British effort to build an 8- 
meter telescope on Mauna Kea. Jefferies soon resigned from NOAO, 
but his successor, Sidney Wolff, kept lines of communication open and 
supported the idea of a collaborative effort." 

After innumerable presentations to astronomers and science man- 
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agers, Ellis and his panel concluded they had two options.'? One was 
to partner with Spain to build an 8-meter telescope at La Palma. Ian 
F. Corbett, head of SERC’s astronomy program in the late 1980s, de- 
scribed this as “a political statement about Europe and building on 
our prior investment in La Palma.”!* La Palma was relatively more ac- 
cessible than Hawaii, and some astronomers favored the alliance be- 
cause Spain would be a minor partner, giving British scientists greater 
control. 

The other option was a partnership with the Americans through 
NOAO. This would be, as some saw it, a more equal alliance, a com- 
forting fact to some British astronomers who questioned their ability 
to procure all the necessary high-tech components for a large tele- 
scope. Goetz Oertel encouraged negotiations between Wolff and Brit- 
ish astronomers and signaled AURA’s general support for some form 
of partnership. Optimistic about the prospects for “one or more 8-me- 
ter telescopes,” Oertel wrote Ellis on the heels of the NNTT’s cancella- 
tion that a collaboration offered British and American astronomers a 
convenient way “to get more and better science done at lower cost.”!5 

In October 1987, Ellis’s Large Telescope Panel sent SERC its interim 
report. The panel’s first priority was securing at least a 50 percent 
share in a new 8-meter telescope project by either collaborating with 
United States or Spain. The report was incorporated into a more for- 
mal strategy issued by SERC the following year. The Ground Based 
Plan, as it was called, set British strategy and priorities to the twenty- 
first century. This included participation in an international 8-meter 
telescope project. Newspapers in ee reported that SERG was pre- 
pared to commit £15 million to a “new-generation ground-based tele- 
scope.”!® What these stories did not spell out was who the United King- 
dom’s partner would be nor how astronomers in the United States 
might react to news that their hope for a new national telescope was 
taking an international flavor. 


A Multiplicity of Telescopes 


Astronomers and politicians established the European Southern Ob- 
servatory in 1962 with the goal of providing unparalleled observing 
opportunities in the Southern Hemisphere. After an extensive site sur- 
vey, ESO astronomers chose a remote mountain ridge locally known as 
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La Silla (“the saddle”) in Chile’s Atacama Desert. ESO purchased land 
around the mountain and signed a treaty with Chile’s government that 
made its observatory the world’s largest diplomatic enclave and gave 
its staff diplomatic status. ESO then boldly began to build telescopes; 
by 1988, it operated 15 different telescopes on La Silla, including two 
4-meter class facilities. 

Astronomers based the European Southern Observatory’s manage- 
ment on CERN. This organization had enabled European physicists 
to pool their resources in order to construct increasingly powerful par- 
ticle accelerators that were beyond the capabilities of any single coun- 
try. ESO took the same strategy and applied it to astronomy. Com- 
pared to the United States’ pluralistic approach toward funding and 
long-term planning, which brought together philanthropic, university, 
and federal support into a diverse but unwieldy combination, ESO’s 
organization was much more top-down and monolithic. While this 
made it somewhat less flexible, ESO could directly forge or force con- 
sensus among the 1,400 or so scientists from its member states. Ameri- 
can optical astronomers were simply not able to achieve (or have im- 
posed upon them) the Europeans’ unified undertaking of a few major 
projects. 

-ESO’s commitment to bigger telescopes was most visible in its plans 
for what one journalist called “Europe’s Astronomy Machine.” The 
Very Large Telescope, despite its prosaic name, was an incredibly am- 
bitious undertaking. Similar in scale to the ill-fated NNTT, the Very 
Large Telescope project had a collecting area equivalent to a 16-meter 
telescope. Instead of placing four separate 8-meter mirrors on a com- 
mon mount, ESO opted to build an array of four separate 8-meter tele- 
scopes in Chile. 

On December 8, 1987, less than four months after the AURA board 
laid the NNTT to rest, delegates from ESO’s eight member coun- 
tries—Belgium, Denmark, Germany, France, Italy, the Netherlands, 
Sweden, and Switzerland—formally approved the Very Large Telescope. 
ESO’s science managers estimated their long-term commitment would 
cost at least a quarter of a billion dollars, with millions more needed 
annually once it became operational in the late 1990s." 

ESO’s press release for the Very Large Telescope, not surprisingly, 
announced that the project would make Europe “second to none in 
the exploration of the Universe for a long time to come.”!® Not con- 
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ceived of as four separate telescopes but rather as an integrated re- 
search facility, completion of the massive project would enable Euro- 
pean astronomers to collect more light than all the other existing 
telescopes in the world combined, a point Sidney Wolff brought to the 
attention of Congress.'® Citing increasing international competition is 
a common strategy in scientists’ pitches to Congress for more funding. 
In this case, it is difficult to accuse Wolff of hyperbole. When built, the 
Very Large Telescope would give ESO astronomers eight times more 
glass to collect photons with than all the telescopes NOAO currently 
controlled. 

Compared to the relatively piecemeal efforts underway in the 
United States, ESO proceeded along a more deliberate path toward 
the Very Large Telescope. For example, in 1982, Italian and Swiss as- 
tronomers gained access to ESO’s telescopes after their governments 
paid several million dollars in membership costs. With money from 
these new members, ESO began building a new telescope on La Silla 
called the New Technology Telescope. ESO astronomers and engi- 
neers specifically planned this modest-sized 3.6-meter telescope as a 
test bed for technologies they would use later for the much larger Very 
Large Telescope facility. Besides giving. ESO astronomers yet another 
new telescope, the New Technology Telescope would be a tool to 
gauge how new design features worked during actual observing runs.”° 

ESO based its New Technology Telescope neither on Jerry Nelson’s 
segmented mirror technology nor on Roger Angel’s lightweight hon- 
eycomb mirrors. Instead, ESO astronomers opted for one of the thin 
meniscus mirrors that commercial firms like Corning ag@ Schott 
Glasswerke were ramping up to produce. Since the early 19 s, these 
firms had invested considerably in facilities to make thin mirrors for 
research and defense applications. A few years later, their work began 
to pay off as commercially fabricated meniscus mirrors became a third 
path that telescope designers took with increasing frequency. 

Anticipating the expertise and knowledge they would accrue 
with the New Technology Telescope’s meniscus mirror, ESO engineers 
specified that the mirrors for the four separate telescopes of the Very 
Large Telescope facility be only 17.5 centimeters thick. This meant the 
8-meter pieces of glass would have the relative dimensions of a contact 
lens. This was a bold and radical departure from traditional telescope 
mirrors. Japanese astronomers made a similar design choice for their 
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8-meter national telescope, choosing a meniscus mirror from Corning 
over one of Angel’s honeycomb mirrors. 

In order for the meniscus mirror to work, however, ESO astrono- 
mers needed to demonstrate the workability of one key technology. 
Because meniscus mirrors are so thin, they flex slightly, but unaccept- 
ably, under their own weight as the telescope moves. ESO adopted a 
preventive solution called active optics. After the mirror was polished, 
it would be transferred to a mirror cell, where it rested on several 
dozen supports. Sensors analyzed the shape of the primary mirror 
about once an hour while astronomers used the telescope (infrequent 
analyses compared to how adaptive optics systems and Nelson’s seg- 
mented mirror system functioned). Distortions detected in the mir- 
ror’s shape were smoothed out by a system of computer-controlled 
actuators. While the active optics system would merely enhance the 
New Technology Telescope’s performance, it was absolutely critical to 
the success of the entire Very Large Telescope project. Without this 
technology, the giant 8.2 meter mirrors would produce ruinously poor 
images. 

ESO chose Schott to make the mirrors for all of its new telescope 
projects. The German company also provided the raw glass segments 
for the Keck Telescope project. Schott made its mirrors from its 
proprietary low-expansion material called Zerodur. Initially, however, 
there were major difficulties in fabricating the 8.2-meter mirror blanks 
for ESO’s Very Large Telescope—Schott’s first three attempts cracked 
in its giant annealing oven. Handling the thin and fragile 23-ton mir- 
ror blanks was another engineering challenge and Schott did not suc- 
cessfully make its first 8-meter mirror until 1991. 

In March 1989, ESO astronomers made their first scientific observa- 
tions with the 3.6-meter New Technology Telescope. Real-time pic- 
tures transmitted back to ESO headquarters in Germany showed the 
active optics system performing flawlessly.*! The telescope’s razor- 
sharp images proved it was possible to make moderately-sized thin mir- 
rors perform as well as the thicker, rigid mirrors Roger Angel was pro- 
moting. The question that lingered in everyone’s mind was whether 
much larger meniscus mirrors could be reliably made and, more im- 
portantly, controlled to astronomers’ demanding specifications with- 
out costing a small fortune. 

Sidney Wolff and staff at NOAO in Tucson monitored ESO’s me- 
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thodical progress toward its Very Large Telescope and saw the excel- 
lent “first light” results ESO scientists obtained with their smaller pro- 
totype telescope.”? Wolff, with AURA’s support, opted to follow ESO’s 
cue by first building an intermediate telescope at Kitt Peak. This, Wolff 
reasoned, would accomplish several goals. Basing a new telescope on 
one of Angel’s recent 3.5-meter castings was an opportunity to test the 
honeycomb mirror technology. It had been almost twenty years since 
the national observatory had built a new telescope, and an intermedi- 
ate project could provide experience and feedback the NOAO staff 
could use later for the twin 8-meter telescopes. Just as important, as- 
tronomers were placing increasing demands on NOAO’s facilities, and 
a new modest-sized telescope would relieve some pressure for observ- 
ing time. 

NOAO still continued to confront severe budget pressures. These 
cutbacks persuaded Arthur Walker, chair of the NSF’s advisory panel 
for astronomy, to tell a congressional subcommittee that national cen- 
ters and the ground-based astronomers who relied on them were “lit- 
erally starving to death.” The Stanford physicist drew imaginatively 
upon his experience helping investigate the Challenger explosion to 
warn of the risks the NSF and Erich Bloch were taking by not support- 
ing more basic science.**» Appearing before the same subcommittee, 
Wolff said the recent collapse of a 300-foot radio telescope at Green- 
bank, West Virginia, symbolized America’s eroding infrastructure for 
science. Just as threatening, she said, was the possibility that, unless 
Erich Bloch revitalized funding for astronomy, “we’ll be going back to 
the situation we had in the 1950s, when optical astronomy Ws domi- 
nated by Caltech and the University of California and mosystrono- 
mers had no access to the best observing facilities.”24 

In response to NOAO’s declining budget and increased demands 
for telescope time, Wolff and Oertel explored alternative strategies for 
building the observatory’s proposed telescope prototype.2> In 1989, 
NOAO announced a partnership with the Universities of Wisconsin 
and Indiana to fund a 3.5-meter telescope on Kitt Peak based on a 
honeycomb mirror from Angel’s lab. Yale later joined the effort to 
build what became the modest-sized WIYN (for Wisconsin, Indiana, 
Yale, and NOAO) telescope. This was the first public-private consor- 
tium to build a major new telescope, a noteworthy step for NOAO and 
university astronomy programs eager to obtain new observing facilities 
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they otherwise might not be able to afford. A few years later, NOAO 
announced a similar joint venture with Columbia University and the 
University of North Carolina to build the Southern Observatory for 
Astrophysical Research (SOAR), a 4-meter telescope in Chile. 

NOAO pursued the WIYN and SOAR telescopes in part to test new 
telescope designs, innovative instruments, and new techniques for us- 
ing them such as remote observing and multiobject spectroscopy. But, 
by the late 1980s, building 4-meter class telescopes was no longer a cut- 
ting-edge endeavor. The technological frontier had shifted now to 8- 
to 10-meter instruments such as the Keck and ESO projects. 

Partnerships of one kind or another were an increasingly common 
strategy astronomers adopted to get at least partial access to their 
own telescopes. By 1990, almost all new telescopes under construc- 
tion were part of some type of collaborative effort, a major shift in 
the organizational landscape of American astronomy. Collaborative 
partnerships were not without risks, however, as the University of Ari- 
zona discovered when Ohio State University suddenly pulled out of a 
joint project to build the Large Binocular Telescope on the controver- 
sial site of Mount Graham. Ohio State’s withdrawal surprised many sci- 
entists. For years, Peter Strittmatter and his Arizona colleagues had 
maneuvered around environmentalists’ objections to telescope con- 
struction on Mount Graham. This news, coupled with the funding un- 
certainties that threatened Angel’s Mirror Lab on an annual basis, en- 
couraged Strittmatter to adopt what he wryly called a “rigid policy of 
flexibility. ”?° 

American astronomers were still divided over the best role for their 
national observatories. In response to a community survey by AURA 
that asked scientists to “define the goals of the national observatory,” 
an overwhelming majority of replies were conservative. Many astrono- 
mers entreated NOAO to forego future telescopes and simply keep the 
ones it currently had in operation.?” Both Oertel and Wolff believed 
NOAO should build new facilities to avoid being left behind. Twin 8- 
meter telescopes were central to their plans. Yet, they could not com- 
pletely disregard their constituency’s fears that older telescopes would 
be closed to pay for new ones in what many saw as a zero-sum game. 

In September 1989, AURA submitted its plan for the “NOAO 8-M 
Telescopes” to the NSF. Unlike Kitt Peak’s earlier requests for new 
telescopes in the 1970s, which were relatively cursory, the four-volume 
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proposal was comprehensive. Knowing many American astronomers 
did not fully believe NOAO should build anything, let alone two giant 
new telescopes, Wolff and Oertel worked to sell the ambitious project 
to scientists, the NSF, and Capitol Hill. NOAO newsletters featured ar- 
ticles about the project’s progress and enlisted other astronomers’ ad- 
vice and support. AURA itself circulated at least three drafts of its 
multivolume proposal through the science community, revising it and 
shoring up weak areas. 

AURA asked for almost $144 million of federal money to fund the 
twin-telescope project. The heart of each telescope would be an 8-me- 
ter honeycomb mirror supplied by Angel’s Mirror Lab. Despite years 
of research and development by people like Angel and Jerry Nelson, 
astronomers still viewed the mirrors as the project’s riskiest compo- 
nent. The mirrors were certainly the most expensive component. Two 
8-meter mirrors cast by Angel’s lab would cost an estimated $7 million; 
polishing, ancillary hardware, and shipping added another $14 mil- 
lion. In the event that Angel’s lab failed, meniscus mirrors would be 
the fallback technology, albeit a more expensive one. 

NOAO engineers designed the twin telescopes as versatile general- 
purpose facilities capable of collecting images and spectra at both visi- 
ble and infrared wavelengths.”? It was important for project advocates 
to suggest areas in which the NOAO telescopes might outperform 
other telescopes under development. For example, the Keck Tele- 
scope’s 10-meter segmented mirror would probably have some limita- 
tions in terms of the quality of images it produced. Consequently, the 
AURA proposal stressed the telescopes’ ability to produce superb im- 
age quality—0.25 arc-second resolution was their goal—as ie area in 
which they might beat the other telescopes under construction. Adap- 
tive optics, incorporated into the design from the beginning, would 
enhance image quality even more. 

NOAO anticipated taking advantage of what its engineers had 
learned in the last fifteen years about telescope design by using a pri- 
mary mirror with a short focal length, a compact alt-azimuth mount, 
extensive computer modeling of the telescope and its subsystems, and 
a building design and site chosen to provide best possible seeing con- 
ditions. Technicians would quickly swap among three different sec- 
ondary mirrors at each telescope to permit a wide range of observing 
techniques from wide-field imaging to infrared observing and enable 


Astropolitics + 185 


astronomers to execute several research programs on the same night. 
NOAO’s new facilities, the proposal claimed, would be the first large 
telescopes “designed from the outset to meet the requirements of in- 
frared astronomy,” another aspect that might distinguish the project 
from other telescopes.” 

Instead of presenting a cosmic shopping list of potential research ar- 
eas the telescopes could attack—everything from planets and asteroids 
to extragalactic quasars—AURA adopted a strategy NASA had em- 
ployed to win support for some of its space telescope missions. The 
Space Telescope Science Institute, for example, anchored science ob- 
jectives for the Hubble Space Telescope around a few core research 
topics called Key Projects. A certain fraction of observing time was de- 
voted to major research initiatives (such as determining the Hubble 
constant, a number representing the current rate of the universe’s ex- 
pansion) that the science community as a whole agreed were most im- 
portant. Astronomers who helped write AURA’s proposal identified 
three “astrophysically significant problems’—star formation, galactic 
structure, and galaxy evolution.*! Just to accomplish specific research 
programs in these three areas, the proposal estimated astronomers 
would need over 7,000 hours of observing time, along with at least 
seven major instruments costing well over $25 million. The concept of 
key projects, with NOAO reserving large blocks of telescope time, rep- 
resented a degree of top-down science planning that many American 
astronomers might have found objectionable fifteen years earlier. 

AURA’s proposal reflected many of the changes in American astron- 
omy since 1974 when Leo Goldberg first initiated Kitt Peak’s explor- 
atory Next Generation Telescope project. Consider, for example, 
AURA’s vision for the operation of the twin 8-meter telescopes. Na- 
tional facilities, the proposal said, should not be just “data collection 
sites” but rather “complete scientific systems.” Like all NOAO tele- 
scopes, astronomers would get time on the twin 8-meters by success- 
fully submitting a peer-reviewed proposal. Astronomers working on 
the telescopes’ core research programs would be obliged to reduce 
their data “in such a way that it is suitable for archiving and can be 
made available to the whole community.”*’ In other words, not only 
would the telescopes be nationally available but, in many cases, the 
data they collected would be a national science resource. This strat- 
egy, familiar to NASA’s space astronomy missions, was a departure for 
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more traditional ground-based astronomers. Telescopes were rapidly 
being viewed both as research tools and as components in a larger sys- 
tem, reflecting the growing complexity, cost, and scale of astronomical 
observing. 

In 1974, Jesse Greenstein told colleagues at a large telescope con- 
ference that he didn’t trust a photographic plate “unless I take it 
myself.”°4 At the time, many astronomers shared his view. Fifteen years 
later, AURA’s proposal declared “the astronomy community has be- 
come increasingly accustomed to the acquisition of observations with- 
out the scientist being present at the telescope.” Part of this shift in 
practice was brought about by NASA missions that relied on remote 
data collection. Astronomers also recognized that seeing conditions 
at telescope sites varied widely and quickly throughout the night. By 
incorporating some form of flexible telescope scheduling, they could 
take advantage of the best seeing. Careful monitoring of the local en- 
vironment, including seeing conditions, moonlight, and cloud cover, 
was necessary in conjunction with rapid instrument switching and 
complex scheduling aided by computer algorithms similar to what en- 
gineers had written for the Hubble mission. While many astronomers 
were initially suspicious about the “queue scheduling” of their observ- 
ing programs, the payoff would be data that took advantage of the best 
seeing conditions without astronomers having to wait at the telescope 
for those circumstances to emerge by chance. 

Since the national observatory had completed its last big telescope 
project in 1974, ground-based telescopes had become nodes in a larger 
network of astronomers, time allocation committees, and scheduling 
routines, all linked by satellite, phone lines, and fiber optieg, nd coor- 
dinated to collect photons more efficiently. On the basis ‘of the cost 
and size of its instruments, optical astronomy joined the leagues of Big 
Science decades earlier. Now the actual practice of doing astronomy, 
long limited to scientists operating on their own initiative, was begin- 
ning to be reshaped as well by the growing scale and sophistication of 
new telescopes astronomers were building. 


Gemini Emerges 


Thirteen months after AURA sent its proposal for two 8-meter tele- 
scopes to the NSF, Congress passed H.R. 5158. Tucked away on page 
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153 of this appropriations report was the following statement: “The 
committee recommends the $4,000,000 requested for engineering de- 
sign studies and the purchase of glass for two new 8-meter telescopes.” 
This was good news for American astronomers. After years of waiting 
and fruitless effort, astronomers had finally obtained funding for a 
new national telescope. 

The bill also stipulated that, in order “to protect the U.S. invest- 
ment,” the National Science Foundation could only initiate work on 
the northern telescope after a “firm, fixed, cost-sharing arrangement 
was concluded with all foreign partners.” Moreover, the “U.S. contri- 
bution to this project [may] not exceed 50 percent of the total cost” 
and even if “foreign participation is ultimately agreed to or not... 
the U.S. share of this project will not exceed $88,000,000.”3> In other 
words, Congress told astronomers they could have one telescope or 
half of two telescopes. In either case, they were forbidden to spend 
more than $88 million. The proscriptive language was an unwelcome 
shock to many American scientists. How did their telescope project, 
initially conceived as an American undertaking, become a tightly bud- 
geted international endeavor? 

The NSF was familiar with using international partnerships to pur- 
sue ambitious science projects. By 1988, for instance, science agen- 
cies from over fifteen countries were contributing money to an NSF- 
funded and managed ocean-drilling consortium that paid for specially 
designed ships and teams of scientists to collect deep-sea cores of rock 
and sediment. In March 1984, Lewis M. Branscomb, a science advisor 
to President Johnson and later the National Science Board’s chair, told 
the House appropriations subcommittee that “international dimen- 
sions” should be integrated as an “organic aspect of the scientific en- 
terprise” at all levels of the NSF’s programs.*° 

As the NSF’s director, Erich Bloch heeded Branscomb’s advice. 
Bloch, as noted earlier, had reasons for not being overly fond of as- 
tronomers and their requests for new telescopes. Bloch himself was 
more concerned with issues such as America’s economic competitive- 
ness and directed NSF money toward projects that offered some prom- 
ise of financial gain. He was not averse, however, to telling a somewhat 
skeptical Congress that investment in astronomy and other basic sci- 
ences might create industrial payoffs.°’ As Bloch had a personal in- 
terest as well as a mandate from the National Science Board to foster 
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internationalism in future science projects, astronomy became a con- 
venient vehicle to pursue his larger goal. He gradually let it be known 
that he desired “cooperation between ourselves and some of the 
trading partners in the area of astronomy centers and astronomy 
equipment. 85 

Bloch saw astronomy as a “good test case” for other collaborative ef- 
forts and a way to get advanced facilities for United States scientists 
when federal funding for astronomy was stagnant and national science 
policy dictated other priorities.*? Bloch’s top-down imposition of inter- 
national collaboration also appealed to congressional interests. Dick 
Malow monitored AURA’s evolving plan for two 8-meter telescopes. 
He was concerned that the NSF’s commitment to large, complex facili- 
ties might cut into its more traditional mission of supporting individ- 
ual researchers. Malow worried, he said, that if the nation’s deficit 
problems continued and the NSF embarked on another big project, 
“we were going to start down a trail, once started, we could never shut 
off.” Cost-sharing via international collaboration was a sensible strat- 
egy he favored.*” 

The NSF’s top-down encouragement of international collaboration 
differed from what was happening in the science communities of its 
potential partners. In both Canada and the United Kingdom, support 
for a joint project existed both at the grassroots level and at the top lev- 
els of science management. Canada and the United Kingdom already 
participated in international telescope collaborations and their scien- 
tists accepted these as part of the reality of building ever-more com- 
plex and expensive tools under tight budget constraints. At the same 
time, their respective science agencies were experienced and,eomfort- 
able with managing collaborative international projects. : 

In May 1988, the Canadian Astronomical Society recommended that 
the National Research Council, Canada’s equivalent to the NSF, pur- 
sue collaborative efforts. Canadian astronomy was funded in much the 
same way as in the United Kingdom with almost all money coming 
from the government and no tradition of private funding. In Septem- 
ber, after further evaluation, Canadian representatives met formally 
for the first time with Wolff and other NOAO staff in Tucson. To few 
people’s surprise, Wolff told Canadian representatives from the Na- 
tional Research Council that the United States was unlikely to provide 
funds to build an American-only telescope project. Moreover, Bloch 
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had confided to her that, as the NSF had built new national radio 
telescopes for close to twenty years, it “was now optical astronomy’s 
turn"4 

What could a partner such as Canada offer a telescope collabora- 
tion? Simon J. Lilly was an English astronomer who became prominent 
in Canada’s 8-meter efforts when he moved to the University of To- 
ronto. He later represented Canada on different science committees 
for Gemini. He believed American scientists could take advantage of 
Canada’s considerable experience operating international telescope 
facilities on Mauna Kea. Astronomers using the Canada-France-Hawaii 
Telescope, a 3.6-meter telescope dedicated in 1979, routinely took im- 
ages with exceptionally fine quality. “We had a heritage with the CFHT. 
It showed the world what type of image quality you could get on 
Mauna Kea. The American optical community as a whole had very lit- 
tle experience on Mauna Kea and most of them had not observed 
there.”* 

On June 1989, the Canadian Astronomical Society unanimously voted 
to join the collaboration with the United States and the United King- 
dom for two 8-meter telescopes. Less than a month later, the pace to 
put a formal agreement in place quickened as representatives from 
the United Kingdom and Canada held their first tripartite gathering 
with American scientists in Ottawa. Their plans for the twin telescope 
project assumed that the United States would pay 50 percent of the 
costs, with the United Kingdom and Canada each contributing 25 
percent. 

After the potential partners met, Goetz Oertel faced the delicate 
task of informing AURA’s constituency that international collabora- 
tion was likely. Rumors this might occur, of course, circulated among 
scientists. At the summer meeting of the American Astronomical Soci- 
ety, NOAO described the international collaboration that would make 
its 8-meter project possible. Five months after AURA submitted its 8- 
meter telescope proposal to the NSF, Oertel sent a formal “Dear Col- 
league” letter to American astronomers letting them know that inter- 
national collaboration was planned. In April 1990, AURA’s board gave 
its official support to the venture.* 

American astronomers expressed a mixed reaction to the interna- 
tionalization of “their” telescope project. “The grassroots opinion was 
for the 8-meter telescopes,” Oertel said, “but they wanted them to 
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be national. Erich Bloch gave absolutely no encouragement to this 
idea.”** Their reticence surfaced publicly when Science, the weekly jour- 
nal of record for American science, published an article about the twin 
8-meter project. After describing its potential capabilities, the article 
reported that the NSF would not commit to building the telescopes 
without foreign contributors paying half. 

The U.S. astronomy community was split over whether it would be 
better to build only one national telescope in Hawaii or share half of 
two international telescopes that would give researchers a view of the 
entire sky. Many scientists were angry that the NSF would not provide 
all of the funding, some later saying that Bloch “threw American as- 
tronomy to the dogs of international collaboration.”*© Rumors that 
Caltech and University of California astronomers might be getting a 
second 10-meter telescope from the Keck Foundation increased their 
resentment. Some also worried that an international effort would take 
longer to build and be harder to manage. George Field, chair of the 
previous decadal survey, noted that the lack of clear progress was dis- 
appointing given that his report had advocated a new, national tele- 
scope more than eight years previously. Others, though, shared the 
view of Edward Stone, a Caltech physicist and later the director of the 
mission-oriented Jet Propulsion Laboratory, that “half a telescope is 
better than none.” 

On the other side of the Atlantic, British astronomers accepted in- 
ternational collaboration but were still divided on the question of a 
partner. In January 1989, after receiving Richard Ellis’s report recom- 
mending the United Kingdom invest in an 8-meter project, SERC es- 
tablished a two-year study to specify the design details. Roget Davies 
left Kitt Peak and returned to the United Kingdom to lead a design 
study at Oxford.* 

While Davies and a small team of engineers carried out technical 
studies, Richard Ellis and the other two members of the Large Tele- 
scope Panel navigated the rocky waters of British science politics. De- 
spite recent progress toward a collaboration with NOAO and Canada, 
many in the United Kingdom still favored partnering with Spain to 
build an 8-meter machine on La Palma. These efforts were largely led 
by Alec Boksenberg, who wished to ensure the continued health of the 
Royal Greenwich Observatory and its facilities on La Palma. The de- 
bate received considerable coverage in the British press. An article en- 
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titled “Spoilt for Choice” in The Economist included a cartoon that fairly 
summarized the position in which British astronomers found them- 
selves. It showed a circle of arguing scientists while, above them in the 
pans of a giant balance, sat two telescopes.‘ 

To make the case for La Palma and a European-based partnership, 
Boksenberg deployed several arguments. The United Kingdom would 
be firmly in control—scientifically, financially, and managerially—with 
the European option. The necessary infrastructure was already in place. 
An 8-meter telescope on La Palma could be based on the design of 
RGO’s recently completed 4.2-meter telescope there while NOAO was 
still hashing out its plans. Building on La Palma would give about 55 
percent of the available telescope observing time to British astrono- 
mers, while the American-Canadian option, Boksenberg argued, gave 
only a quarter share on two different telescopes, both at less accessible 
sites.°° This option was soon complicated by Spain’s announcement 
that it would fund only 25 percent of the project, making a third part- 
ner necessary for the La Palma option. The Soviet Union even consid- 
ered entering the project, a move that probably did not help the case 
for La Palma. 

Malcolm Longair and other staff members at the Royal Observatory, 
Edinburgh, countered Boksenberg’s arguments throughout 1989 and 
1990. The high and dry site of Mauna Kea, they argued, was superior 
for a telescope project with a high priority on infrared observing.” 
Partnering with the American astronomy community also offered Brit- 
ish scientists the possibility of a surprise technological windfall. For 
several months, the NSF had been negotiating with the Air Force to 
declassify its adaptive optics technology, plans for which Wayne Van 
Citters, the NSF’s director of Astronomical Instrumentation and De- 
velopment, had revealed to British astronomers and science managers 
at SERC.*? 

As British astronomers dithered throughout 1990, American scien- 
tists and administrators continued to apply pressure on the British as- 
tronomy establishment to choose the NOAO/Canadian option. Erich 
Bloch kept the advantages of international collaboration at the fore- 
front in his correspondence with Sir William Mitchell, his counterpart 
in the United Kingdom. After months of meetings and frustrating 
delays, on December 19, 1990, SERC managers finally decided to part- 
ner with the United States and Canada. Ellis, who had worked hard on 
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getting his country into an 8-meter project for over four years, was de- 
lighted. “I was always a fan of collaboration with America. I liked the 
country, the vibrancy, all the exciting things happening. I thought the 
U.K. would benefit by having its eyes opened and the U.K. was a match 
for the U.S. intellectually.*4 

AURA and the NSF, meanwhile, lobbied to ensure that the initial 
funding for the twin 8-meter project came through. In early 1990, 
NOAO’s newsletter announced that President Bush’s fiscal 1991 bud- 
get included start-up money for the two telescopes. Bloch soon ap- 
peared before the House appropriations committee to justify the 
agency’s plans for the project. That same year, however, the NSF was 
seeking funds for several large-scale science projects. This put Bloch in 
the uncomfortable position of defending the NSF’s ability to build 
new equipment while still supporting individual research and educa- 
tion initiatives. 

Three of these big projects were astronomy-related, a situation that 
posed a threat to the 8-meter telescopes project and Bloch’s hope for 
an international venture. One project was to build a 300-foot radio 
telescope at the National Radio Astronomy Observatory in West Vir- 
ginia to replace one that had collapsed in 1988. Robert C. Byrd, a pow- 
erful senator from West Virginia, earmarked $75 million of the NSF’s 
budget to make sure this quickly became a top agency priority. Bloch 
could either acquiesce or risk angering Byrd, the Senate Appropria- 
tions Committee’s ranking member. Another large project wending its 
way through the NSF was the Laser Interferometer Gravitational Wave 
Observatory (LIGO). LIGO was a proposed collaborative es be- 
tween Caltech and MIT to build two separate facilities in the*United 
States, each with an L-shaped configuration of underground tunnels 
two and a half miles long equipped with exquisitely sensitive detectors. 
A small but persuasive group of physicists wanted these two facilities to 
detect gravitational waves, the perturbations of space-time predicted 
(but not as yet conclusively observed) to result from events such as the 
collision of black holes.®5 In 1990, the NSF asked for $47 million as the 
first installment on LIGO’s estimated $192 million price tag. 

Members of Congress interrogated Bloch about his agency’s request. 
Was there a need for so many colossal projects at a time when, 
as Massachusetts representative Chester Atkins said, there were “im- 
mense needs” in education and industrial competitiveness?>> Bloch 
tried to point out that, compared to truly expensive projects like the 
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multibillion dollar Superconducting Super Collider under construc- 
tion in Texas, the NSF’s requests were really quite moderate. After 
Atkins quickly asked whether the NSF wanted to use a (soon-to-be-can- 
celled) physics facility that was over budget as its new benchmark for 
big projects, Bloch and his colleagues quickly back-pedaled from this 
comparison. 

Bloch defended the NSF’s request on the grounds that, while proj- 
ects such as LIGO might benefit only a small cadre of scientists, new 
facilities would help draw young people to science and engineering 
careers while fostering industrial spin-offs. The NSF, Bloch testified, 
had done “a lot of soul searching” before requesting funds for LIGO. 
Atkins’ response to the agency was that it was a “lot cheaper to search 
your soul than to search for a black hole.”°” 

LIGO was neither a telescope nor a traditional observatory. In fact, 
there was considerable resentment among astronomers about LIGO. 
They saw it as equipment for a branch of physics that was not yet estab- 
lished and resisted attempts to link it in any way with astronomy’s more 
traditional tools. Dick Malow personally opposed LIGO and gave the 
subcommittee probing questions to ask about the project. When Con- 
gress made the final appropriations later that year, LIGO’s supporters 
saw their multimillion request forestalled until 1992. 

Compared to the budget requests for LIGO and the Greenbank 
radio telescope, the $4 million needed to begin building the twin 
8-meter telescopes was a trifle. Malow knew the telescopes would serve 
a much broader community of scientists than LIGO. Still, the NSF 
needed to affirm the project was a high priority. Bob Traxler, a Demo- 
crat from Michigan and the subcommittee’s new chair, told Bloch, “We 
know they are all your children, you love them equally, and you want 
every one of them. You’ve got to make the choice.” 

The most important condition imposed on the twin telescope proj- 
ect, according to Malow, was not its final cost but his determination to 
see the participation of the United States limited to 50 percent. With- 
out this, Malow believed American astronomers would have less incen- 
tive to find international partners. In May 1990, Malow visited NOAO 
headquarters in Tucson to meet the staff and gather facts about the 
telescope project. They estimated the cost of two 8-meter telescopes to 
be $176 million, a number that the skeptical Malow took back to Wash- 
ington with him. 

Malow found the project’s cost estimate low and was surprised when 
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no one came to him asking to increase the project’s budget before 
Congress made it official. “I suspect that if NOAO had gone and talked 
to the Europeans, who were building four 8-meter telescopes, they 
would have found a number substantially different than $176 million 
multiplied by two.”°? Ian Corbett, a science manager for SERC who 
monitored the budget negotiations, concurred. “It was certainly never 
a number that was subjected to any degree of scrutiny through inter- 
national peer review . . . it bore no relation to what we expected the 
final design of the telescopes to cost.”® Consequently, the twin tele- 
scope project was budget-constrained even before engineers and 
astronomers agreed on its final design and developed an appropri- 
ate cost estimate. America’s optical astronomers had their first real 
NSF funding in over twenty years to start building a major national 
telescope, albeit one now internationalized and facing a challenging 
cost cap. 


Planning a Decade of Discovery 


With money now in hand, astronomers took a suggestion from Cana- 
dian scientists and adopted the moniker “Gemini” for their project, an 
astronomically appropriate name for twin telescopes. They still had 
several hurdles to overcome to move the project forward. For exam- 
ple, they had to convince the science community that Gemini was vital 
to its future. This was an increasingly important priority as the number 
of large ground-based telescope projects grew. In the United States, 
approval from the astronomy community meant securing a top recom- 
mendation from the National Academy of Sciences. w 

Since 1964, the Academy’s decadal reviews of i rewent had be- 
come the tool elite scientists used to select strategic priorities and 
make recommendations for the next decade’s big projects. Getting a 
high ranking from a decadal survey was no guarantee a project would 
be built. In 1982, the Field report had called the defunct 15-meter 
National New Technology Telescope a high priority. On the other 
hand, not getting the blessing of the NAS survey could create serious 
obstacles for a major new project. Greenstein’s 1972 report, for exam- 
ple, gave the forerunner of the Hubble Space Telescope only second- 
ary priority. Two years later, Edward Boland used this to attack the 
project. A small group of astronomers, led by space-astronomy enthusi- 
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asts from Princeton, lobbied Greenstein and members of his panel, a 
task that required delicacy given Greenstein’s predilection for private 
science facilities and his equivocal attitude toward space astronomy."! 

John N. Bahcall was one Princeton scientist who successfully helped 
sell NASA’s space telescope to Boland and Congress. As a boy growing 
up in Louisiana, Bahcall planned to be a rabbi. He first studied philos- 
ophy at the University of California at Berkeley but later switched to 
physics. He got his Ph.D. from Harvard in 1961. This was soon fol- 
lowed by a professorship at Caltech, where he studied quasars using 
data taken with the 200-inch, before he joined Princeton’s Institute for 
Advanced Study in 1971. He and Lyman Spitzer, a Princeton astrono- 
mer and statesman of science from Greenstein’s generation, made an 
effective team as they fought and ultimately won funding for the Hub- 
ble Space Telescope. 

In February 1989, the National Academy of Sciences announced 
that the 54-year old Bahcall would lead its fourth decadal survey. 
Bahcall first interviewed dozens of senior astronomers, including pre- 
vious survey chairs such as Greenstein and Field, and inquired about 
their colleagues’ judgment and vision. The comments he received 
were so frank and sensitive that he later destroyed the notebook con- 
taining them. Bahcall, on the advice of Greenstein, also solicited ad- 
vice from Washington insiders like Malow and staff from the Office of 

Management and Budget. In the midst of his polling, American as- 
tronomers elected Bahcall president of the American Astronomical 
Society, a timely match that raised his profile in their community and 
gave him a wider base of scientists on which to call. 

“I didn’t look for representation,” Bahcall noted. “I looked for ex- 
cellence of scientific achievement and judgment. A sense of who the 
community trusted and respected.” By the end of 1989, Bahcall had se- 
lected fifteen astronomers, including two Nobel laureates, to serve on 
his main panel. Sidney Wolff represented both the optical astronomy 
community and the national observatory. There were also several spe- 
cialized panels that reported to the main group. Over 300 astronomers 
participated directly, more than in previous surveys. “We want to make 
sure we don’t miss anything,” Bahcall told a reporter. “In the end, the 
strength of the report we issue will depend on consensus.” 

Forming a consensus, however, meant that Bahcall and his panel 
had to deal with the most contentious and divided group of astrono- 
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mers—the ground-based optical community. As Bahcall saw it, “The 
era of robber barons in the U.S. was tame compared to the relations in 
the optical and infrared community. In the previous surveys, they had 
really shot themselves in the foot. As a result, there was no major opti- 
cal or infrared facility built. The intensity, the feelings, were therefore 
much higher.” There was, he recalled, a “cesspool of distractions” be- 
cause the optical community was not used to working in groups or to 
helping each other achieve priorities. 

Bahcall picked Steve Strom to lead the subpanel for ground-based 
optical and infrared astronomy. Strom was a former Kitt Peak astrono- 
mer who chaired AURA’s Future Directions committee in 1987. Sidney 
Wolff served with Wallace Sargent from Caltech as a co-chair of this 
group. Strom, Wolff, Sargent, and twenty-two other optical astrono- 
mers on the subpanel knew that as many as fourteen new telescopes 
bigger than the venerable 200-inch Hale Telescope might enter ser- 
vice in the next decade. This would be astronomers’ single biggest 
surge in light-collecting capability ever and almost all of these tele- 
scopes would be operated by European or Japanese agencies or be 
private facilities off-limits to the majority of American astronomers. 
This possibility disturbed some who were familiar with the continuing 
growth of the American astronomy community and its demographics. 
The number of American astronomers had increased more than 40 
percent since 1980 and the community remained relatively young (the 
median age was 42). In short, ground-based astronomers were on the 
verge of witnessing an unprecedented number of new telescopes and 
most American scientists might spend their careers looking through 
observatory gates rather than gazing at stars. yA 

The Bahcall Committee’s deliberations were shaped by Gy the 
discipline experienced in the last ten years as well as its anticipation of 
new technologies to come. A closer look at astronomers’ publications 
provides an indication of what was happening. During the 1980s, it be- 
came increasingly common for American scientists to collaborate with 
international partners when publishing papers. Foreign scientists con- 
tributed with greater regularity to American science journals, reflect- 
ing the growing strength of other countries in astronomy. There was a 
noticeable tendency for publications to include data collected from 
more than one spectral region—optical observations combined with 
radio data, for instance. Astronomers were also combining data from 
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space and ground-based facilities more often. The average number of 
authors on a typical peer-reviewed astronomy paper rose, a continu- 
ing transition from the days when a single researcher wrote most pa- 
pers. Observational (as opposed to theoretical) papers reflected these 
trends even more.® 

During the 1980s, there was also a major shift among astronomers’ 
patrons. Historically the NSF provided most research grants to individ- 
ual scientists and supported the majority of federally funded, ground- 
based astronomy facilities.°° In 1980, the NSF provided almost two- 
thirds of astronomers’ grant money. By 1989, NASA had become the 
dominant agency for researchers’ funding. This transformation had 
occurred for several reasons. For years, the NSF’s overall budget for as- 
tronomy had steadily declined in real dollar amounts. Construction 
funds for some major projects like the Very Long Baseline Array had 
depleted resources for individual research grants, while the size of the 
average research grant had shrunk by 35 percent to $55,000. Mean- 
while, NASA was not only putting more money into grants but also 
was changing how it dispensed them. Researchers awarded time on 
NASA’s space astronomy missions typically received money to cover 
their observing expenses and to help analyze the data they collected. 
In contrast, America’s oversubscribed ground-based observatories in 
Arizona and Chile only offered astronomers telescope access and left 
it to individual scientists to get funds for data analysis. 

Despite all of these changes in demographics, publishing trends, 
and patronage, papers by astronomers using data obtained from 
ground-based optical telescopes still represented the majority of all 
astronomical publications.® Members of Bahcall’s committee antici- 
pated traditional ground-based telescopes would continue as astrono- 
mers’ workhorses, in part because of two important technological de- 
velopments. 

The first of these was the imminent declassification of adaptive op- 
tics. Earlier in the 1980s, Wayne Van Citters, head of the NSF’s Ad- 
vanced Technologies and Instrumentation in the NSF’s Astronomy 
program, took part in a classified war scenario sponsored by the Strate- 
gic Defense Initiative. This helped him learn how far the techniques 
and technologies of adaptive optics had progressed in military labs. 
During the late 1980s, Van Citters also began to see more proposals 
from astronomers requesting NSF funding to develop adaptive optics 
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for their civilian telescopes. Van Citters contacted Robert Fugate, the 
Air Force’s adaptive optics guru, for help evaluating these proposals. 
The two scientists wanted to avoid a situation in which astronomers 
duplicated the adaptive optics techniques the Air Force already had 
developed. European scientists were increasingly interested in devel- 
oping adaptive optics technology as well and Van Citters believed 
there was a chance that American astronomers might fall behind in a 
scientifically valuable area if the Air Force developments remained 
classified.®* 

Declassifying adaptive optics was a long and complex process. 
Fugate and Van Citters had to first convince the Pentagon that declas- 
sification would not harm national security. They also had to show a 
scientific rationale for declassification. Their case was helped when, in 
November 1989, people flooded through the newly opened Berlin 
Wall. The wall and the Soviet Union soon collapsed, calming military 
fears that declassification of Star Wars technology posed a security risk. 

After years of working in the isolated world of classified laboratories, 
Fugate was eager to show astronomers how adaptive optics could im- 
prove the performance of their ground-based telescopes. In May 1991, 
Fugate was scheduled to describe his lab’s work on adaptive optics and 
laser guide stars to an excited audience at the American Astronomical 
Society meeting in Seattle. At first, Fugate wasn’t even sure the Air 
Force would allow his presentation, and he later heard rumors that his 
request went all the way to the White House. He had never addressed a 
large crowd of astronomers and was nervous about how they would re- 
ceive his work. After his talk, dozens of astronomers came up we him. 
“There were a million questions,” he recalled. “Where can I getone of 
these? How does this really work? How much does it cost? a 
this on my telescope? It was just pandemonium.”® 

Bahcall’s committee was aware of the impending declassification 
and assumed military-derived technologies would be available to civil- 
ian scientists soon. Their final report, The Decade of Discovery, identified 
improvements in spatial resolution—the ability of a telescope to sepa- 
rate features and show small details—as a promising area in which as- 
tronomers could reap many scientific payoffs. Adaptive optics, the re- 
port argued, would enable new 8- to 10-meter telescopes to compete 
with space-based telescopes, helping ensure the ground-based tele- 
scope would remain a powerful research tool for decades to come.” 


an I put 


Astropolitics + 199 


The second major development Bahcall and his committee saw as 
critical to astronomical research was the continued improvement of in- 
frared detectors. Until the mid-1980s, astronomers who studied the sky 
at infrared wavelengths had access to only single-element detectors 
like the ones Frank Low developed in the 1960s. They had to create 
two-dimensional pictures of the infrared sky by laboriously combining 
hundreds of separate observations. 

The picture literally was very different for the military and intelli- 
gence communities. As early as 1955, the Air Force and the CIA de- 
manded satellites that could detect Soviet missile launches and do 
surveillance from space.”! Industrial contractors responded with ma- 
chines such as the Missile Defense Alarm System. The classified facili- 
ties depended primarily on lead-sulphide detectors that astronomers 
also used. When infrared radiation (in the 1- to 4micron range) falls 
on a lead-sulphide detector cell, its resistance changes. This can be 
measured and related to the amount of infrared radiation. Military 
and surveillance detectors, unlike those used by civilian scientists, 
soon featured hundreds of detector cells combined into more sensi- 
tive instruments. 

In the 1970s, the Air Force and the CIA encouraged the develop- 
ment of more sensitive infrared detectors. A slew of new infrared de- 
vices appeared that were similar to the semiconductor-based CCDs 
astronomers and spy satellites observed with at visible wavelengths. 
Scientists experimented with combinations of mercury-cadmium, 
indium-antimony, or doped silicon that were sensitive to different 
wavelengths of infrared light. These new devices were hybrids— 
thumbnail-sized silicon chips carefully attached with small blobs of in- 
dium to another layer containing the individual detector elements. 
Hundreds or thousands of sensors could be arranged in a rectangular 
array to produce two-dimensional images. Each of the individual pic- 
ture elements (pixels) was extraordinarily sensitive. By the mid-1980s, 
classified satellites sported detectors with hundreds of pixels and 
could transmit real-time images, including nighttime infrared images, 
back to earth.” 

Military arrays, however, were designed to produce high-contrast 
pictures that could quickly show “bright” events like a missile launch. 
Astronomers required different capabilities from infrared detectors 
such as the ability to accurately measure absolute light levels and faint 
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objects. Unlike the Air Force, civilian astronomers had neither the 
money nor the connections to persuade commercial firms to make in- 
frared arrays specially suited for their research. Even NASA was not 
able to take advantage of the most sophisticated military arrays; 
NASA’s Infrared Astronomical Satellite, launched in 1983, featured 
only sixty-two individual discrete detectors. 

Engineers and astronomers worked to convince the military that 
declassification of some of its infrared technology would not pres- 
ent national security concerns. Gradually, commercial firms offered 
modest-sized infrared arrays to astronomers. For astronomers used to 
working with single-element detectors, even the modest-sized 32 x 32 
arrays (in other words, 1024 individual pixels) available around 1985 
represented more than a thousand-fold increase in observing ef- 
ficiency. Dedicated research groups at a variety of institutions (includ- 
ing NOAO) worked to integrate larger and more sensitive arrays 
provided by industry into new instruments. Infrared astronomy was 
maturating from a “technique-oriented science” to one in which scien- 
tists could reliably use their tools to attack a wide range of research 
problems. Astronomers anticipated new scientific discoveries by look- 
ing, for example, through dust that obscured visible light to observe 
emerging young stars, and science magazines heralded infrared as- 
tronomy’s new image.” 

Wayne Van Citters and other astronomers knew infrared arrays 
would be a perfect complement to adaptive optics. The atmospheric 
distortion of longer wavelengths (in other words, infrared) of light is 
easier to correct, so it was likely that the initial civilian use Op gdaptive 
optics would be in the infrared. With the appropriate fend oe fa- 
cilities, Bahcall’s report predicted the 1990s could be the “ 
the infrared.””4 

What new telescope projects would the decadal survey support to 
take advantage of greater spatial resolution and improved infrared 
sensitivity? Because several new telescopes would be built with private 
or state money in the next decade, Bahcall knew it would be difficult 
to advocate yet another large and general-purpose telescope, even if it 
were for the entire community. “I would not have personally sup- 
ported a telescope which was not special,” he said. “I wanted the U.S. 
to have some unique facilities.” Initially, he was not impressed with 
ideas put forth by some of his committee members. Bahcall recalled 
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one member who, after listening to a series of prosaic recommenda- 
tions, told the group that, even if these were achieved, they would only 
enable the United States “to become a successful rival of Paraguay in 
optical astronomy.”” 

Frank Low was a key person who helped Bahcall identify a unique 

opportunity for the next decade of American astronomy. The Arizona 
astronomer was a member of the decadal survey’s subpanel for opti- 
cal and infrared astronomy. Low and his colleagues “used the word 
‘unique’ a lot” in their discussions. “We wanted something of national 
significance for the ‘have-not community’ but we also wanted it to be 
unique, competitive in the world.”’”® Low envisioned a large telescope 
especially designed for work in his favorite spectral region, the infra- 
red. Its honeycombed 8-meter mirror, made in Roger Angel’s Mirror 
Lab, would be silver-coated, which had better reflectivity for infrared 
light than traditional aluminum coatings, to improve its infrared per- 
formance. Placing the telescope on Mauna Kea, arguably the world’s 
best observing site, would take advantage of excellent seeing condi- 
tions while the integration of adaptive optics and the best detector ar- 
rays available would allow it to produce even sharper images in the 
infrared.” 
In January 1990, Bahcall talked to Low at the American Astronomi- 
cal Society’s meeting about the scientific possibilities a large infrared- 
optimized telescope might offer American astronomers. “It was a tele- 
scope to do something that we never have done before . . . It was 
clear the scientific frontiers were virgin and vast,” Bahcall said, “I was 
thrilled by the idea. I did everything I could to help them develop that 
concept because it took my breath away.” 

Bahcall knew that not everyone in the astronomy community 
wanted one, let alone two, new national telescopes. “I think if we put it 
up for a vote, the community would have voted overwhelmingly not to 
have a big telescope. They would have said to buy a one meter tele- 
scope for every astronomy department . . . so we can all have our own 
facilities.” Like Greenstein earlier, Bahcall was not inclined to allocate 
resources just so many small facilities would be available to as many sci- 
entists as possible. “That would have been the democratic way of doing 
it. It was clear that was the view of the community. Our job was not to 
represent faithfully the views of all our colleagues but to provide lead- 
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In April 1991, the National Academy of Sciences released the re- 
port prepared by Bahcall’s committee. Like previous decadal surveys, 
Bahcall’s panel listed recommendations for major new facilities; three 
of these were either ground-based tools or tailored for infrared observ- 
ing. An “infrared-optimized 8-meter U.S. telescope” on Mauna Kea was 
the number one ground-based priority, while the third recommenda- 
tion was an “8-meter optical telescope, operating from the Southern 
Hemisphere.” LIGO appeared nowhere in the 181-page report, re- 
flecting the view of Bahcall and others that the detection of gravity 
waves was a task for experimental physicists, not astronomers.” In 
terms of new NSF programs, the report blessed the NSF’s plan for new 
nationally available 8-meter telescopes with a modicum of official sup- 
port from the science community to go along with their first install- 
ment of funding. 

John Bahcall acquired his knowledge of how the science community 
determines priorities early in his career when he helped lobby for the 
Hubble Space Telescope. His enthusiasm for an infrared-optimized 
telescope followed. Both the Hubble and the 8-meter telescopes would 
be national facilities open to all members of the American science 
community. The Hubble Space Telescope was absolutely unique, how- 
ever. The same could not be said for a new 8-meter telescope project. 
Securing community support for Hubble required forming a diverse 
coalition of astronomers who wanted a major space telescope.*? As- 
tronomers and engineers incrementally altered Hubble’s design to in- 
crease its appeal to a broad group. Gemini’s advocates used a different 
strategy. Getting community support and federal funding for a gen- 
eral-purpose national facility was not going to be easy. Theréfore, act- 
ing on the suggestion of Low and others, Bahcall’s committee en- 
dorsed one 8-meter telescope as an instrument with unique infrared 
capabilities while the second, lesser-ranked telescope would observe 
the sky from the Southern Hemisphere. This helped establish a clear 
and special “discovery space” for each. 

Negotiations and consensus-building over several years and in many 
different countries enabled Gemini to emerge as a fragile but viable 
project. This required assembling an international mélange of inter- 
ested astronomers, administrators, and politicians. Their lobbying ef- 
forts for Gemini were done in part to maintain a fair distribution of re- 
sources within the community. For Canadian and British astronomers, 
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Gemini was an opportunity to secure at least a share in what they 
hoped would be a world-class science instrument. Many American sci- 
entists argued that Gemini would give everyone access to some of the 
world’s largest telescopes at a time when almost all giant telescopes 
were being built as private facilities for astronomy’s haves. 

It would be naive to think that the persons and committees who de- 
termined the direction American astronomy would take did so solely 
out of altruism. Pursuit of the twin 8-meter project also kept NOAO, 
temporarily at least, as a major player in the development of the next 
generation of large telescopes. Without its participation in a major 
new telescope project, more sharp questions would be raised about 
NOAO’s viability as an important science institution. Astronomers’ 
ideals of equity and fairness helped serve broader institutional needs 
such as the national observatory’s health and its participation in Gem- 
ini offered a justification for its continued existence. 

Jesse Greenstein, now officially retired, was one of the senior astron- 
omers who vetted Bahcall’s report before its release in 1991. Green- 
stein told Bahcall how astronomy had become “infinitely more dif- 
ficult” since the decadal survey he led in 1971. Funding, in his view, 
was “fractured,” “small-science grants to individuals [were] dead,” and 
the national observatories were “on a starvation diet.” But Mauna Kea 
was “already a flower in full bloom” and “Keck is far on its way.” In fact, 
the Keck Foundation announced plans to fund a second 10-meter tele- 
scope in the spring of 1991. It is doubtful that many astronomers 
would have agreed with Greenstein’s assertion that the balance be- 
tween private and federal support “has combined as an organically 
successful one.” As Bahcall prepared to defend his report to his col- 
leagues and sell it in Washington, perhaps he was comforted by the el- 
derly astronomer’s reflection that “at first inspection, the Universe at 
larger redshifts seems smooth again—perhaps at some time scale sci- 
entific life will again be pleasant.”*! 


CHAPTER 7 


Smoke and Mirrors 


On April 24, 1990, the space shuttle Discovery rocketed into Florida’s 
morning sky with the Hubble Space Telescope on board. Two days 
later, NASA astronauts placed the $2 billion observatory into orbit 380 
miles above the earth. For the project’s engineers and astronomers, 
some of whom had worked on NASA’s “discovery machine” for a dec- 
ade or more, this was a glorious moment. As one historian noted, Dis- 
covery carried not just a 12-ton space telescope but the expectations of 
scientists, politicians, and a public audience stimulated by a relentless 
media campaign! 

A month after Hubble entered orbit, astronomers at the Space Tele- 
scope Science Institute (the AURA-managed research center in Bal- 
timore where Hubble’s science research was done) received long- 
awaited “first-light” images from the telescope. They soon lea ged that 
what NASA and many scientists had hyped as the “most pe as tele- 
scope ever built” was, in the words of Maryland Senator Barbara 
Mikulski, a “techno-turkey.” John Bahcall informed an angry Congress 
that he had visited them many times to promise “beautiful pictures 
and great discoveries.” Now he wanted to share “the heartbreak that 
we all have in not being able to provide those discoveries.” 

Instead of concentrating light from stars and galaxies into sharp im- 
ages, Hubble’s mirror blurred starlight into a broad halo. Closer ex- 
amination revealed what opticians call spherical aberration—light rays 
far from the mirror’s edge were focused at a different point than light 
from the mirror’s center. NASA engineers and university astronomers 
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quickly pinpointed the problem. In the early 1980s, technicians at 
Perkin-Elmer polished Hubble’s 2.4-meter primary mirror to exquisite 
smoothness but the wrong curvature. As Senator Albert Gore told col- 
leagues at a June 1990 hearing of his subcommittee on science, tech- 
nology, and space, “It’s perfectly wrong.” Hubble soon proved a bo- 
nanza for cartoonists and late-night comics.* 

Amidst mounting pressure, NASA hurriedly assembled an investiga- 
tive panel to determine how Hubble’s major optical component could 
be so defective. Their suspicions soon fell on the process Perkin-Elmer 
technicians used to test the primary mirror. Careful investigation by 
the panel revealed that the problem stemmed from a critical fault in 
the optical template that (mis) guided the primary mirror’s polishing. 
Part of the error was caused by the insertion of a dollar’s worth of 
household washers into a precision instrument for testing Hubble’s 
multimillion-dollar mirror. Arizona astronomer and mirror maker 
Roger Angel served on NASA’s panel and declared it the “single larg- 
est mistake that’s ever been made in optics.”4 

What infuriated and disturbed astronomers and Congress more 
was that Hubble’s mirror had not been inspected properly by either 
Perkin-Elmer or NASA engineers. Even a simple and inexpensive test 
could have caught the mistake. The investigation laid blame in many 
directions. One culprit cited was a “surprising” lack of participation by 
experts in telescope optics and a lack of oversight by astronomers and 
other scientists who were shut out of a process “operated in a ‘closed 
door’ environment.”° 

While blame rested most squarely on the shoulders of NASA and 
Perkin-Elmer, Hubble’s mirror fiasco also damaged the astronomy 
community’s reputation. When irate members of Congress and the 
public lambasted Hubble, they did not always distinguish between the 
contractor who built it and the astronomers who had long anticipated 
it. Optical and ultraviolet astronomers, Hubble’s main constituency, 
saw their hopes for a world-class science facility postponed while NASA 
devised a daring, expensive, and ultimately successful repair plan. 

Debates about Hubble’s troubles fed scientists’ ongoing debates over 
who should control large projects and how they should be managed. 
Scientists in other fields shared these concerns. High-energy physicists 
were divided over whether to build their next “ultimate instrument,” 
the Superconducting Super Collider, and geneticists wondered about 
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the wisdom of a Department of Energy-funded “big biology” approach 
for the Human Genome Project.® 

Hubble’s mirror fiasco engendered a lot of soul searching by astron- 
omers. In advocating Hubble, astronomers had to adapt to the insti- 
tutional culture of NASA and its industrial contractors. Throughout 
Hubble’s history, there were battles for control between astronomers 
and NASA engineers and managers. Astronomers also accepted that 
Hubble would be operated as a large national science facility, distinctly 
different from the “little-science” style to which many of them were ac- 
customed. Many scientists lamented that, as telescope projects became 
bigger and more expensive, individual scientists were relegated to pas- 
sive and sometimes ineffectual roles. Some optical astronomers won- 
dered publicly and privately if they had not traded too much of their 
autonomy in their quest for bigger and better machines. 

Astronomers also began to question how their projects were orga- 
nized and managed. Some California astronomers like Jerry Nelson 
resented the impersonal, efficiency-driven management of the Keck 
Telescope project.’ In July 1990, when Roger Angel visited England to 
discuss big telescopes with colleagues, he talked about his recent inves- 
tigation of Hubble’s mirror problems. Warning of the dangers caused 
by an overly bureaucratic approach to big projects, he said there was 
“no shortcut to innovative technology via committees.”* Angel voiced 
the view of many scientists who sensed an intensifying struggle be- 
tween proponents of corporate science and the individual researcher. 


Managing Twins if 


One scientist especially disappointed with Hubble’s Rin si was 
Robert C. Bless. In the 1950s, while doing his Ph.D. in astronomy at 
the University of Michigan, Bless was accompanied by Leo Goldberg, 
then chair, to observe newly launched Russian and American satellites 
pass overhead. For Bless, this sparked a long interest in space-based re- 
search.’ In 1958, he took his degree and moved to the newly formed 
Space Astronomy Laboratory at the University of Wisconsin, which was 
developing a series of Orbiting Astronomical Observatories champi- 
oned by scientists like Goldberg. Bless stayed with Wisconsin’s astron- 
omy department for the rest of his career studying ultraviolet radiation 
from stars and galaxies, a subdiscipline of astronomy that depended 
on rocket- and space-based observing. 
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In 1971, Bless became involved with NASA’s plans for what became 
the Hubble Telescope. His participation became more personal in 
1977 when NASA selected his proposal to help build one of Hubble’s 
primary instruments. Wayne Van Citters, on leave from the NSF’s As- 
tronomy Division, also collaborated with the Wisconsin team. Their 
final product, the High Speed Photometer, would measure the light 
intensity from faint stars and galaxies. Its successful use, however, de- 
pended on aiming Hubble precisely so starlight could pass through 
one of several fixed aperture and filter combinations. 

As NASA engineers diagnosed Hubble’s problems, they discovered 
the telescope’s solar panels moved as it orbited in and out of the 
earth’s shadow: The combination of mirror aberration and telescope 
jitter seriously compromised the performance of Bless’s instrument. 
By 1991, Bless (who some astronomers saw as Hubble’s elder states- 
man) was disgusted with the loss of a scientific instrument on which he 
had worked for years. When Van Citters invited him to serve on the 
newly formed Gemini Board of Directors, it was a welcome distraction 
from NASA’s crippled megaproject. 

The University of Wisconsin was a charter member of AURA and 
Bless was aware of the competition among astronomy’s haves and have- 
nots for funding and observing time on ground-based telescopes. As a 
young astronomer, Bless was excited when AURA and Kitt Peak Na- 
tional Observatory were established. “We thought it was great,” he 
said, “People were tired of hearing that the universe was owned by 
Palomar.”!° 

At the same time, Bless also knew that NOAO had suffered in the 
1980s when its 15-meter project was cancelled and its budget declined. 
“I think the precursor of Gemini may have been one of their last 
gasps to regain some preeminent position. I could understand that it 
was a hard blow for them when Bloch and the NSF said, ‘No way unless 
it’s international.’” Bless brought his experience with large public sci- 
ence projects to Gemini’s board. Two decades of involvement with the 
Hubble program had also kept Bless relatively free from personal is- 
sues or conflicts of interest other ground-based astronomers might 
have had. 

In October 1991, Bless attended his first meeting of the Gemini 
Board and saw the challenges facing the project. Ian Corbett, repre- 
senting the United Kingdom’s Science and Engineering Research 
Council, nominated Bless to be its chairman. Despite his relative 
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naiveté about the project’s history or the other board members’ mo- 
tives, Bless accepted the job. 

One of his first tasks was understanding and navigating Gemini’s 
formal structure. When Bless became chair, there were eight board 
members, four from the United States and two each from the United 
Kingdom and Canada. Gemini’s board was the telescope project’s ulti- 
mate authority. It was responsible for everything from approving the 
telescopes’ science requirements and the annual budget to determin- 
ing where the telescopes’ myriad components would be built. Finan- 
cial contributions from the partner countries were deposited into a 
single account that the NSF, acting as the project’s executive agency, 
controlled. The NSF executed the decisions of the Gemini Board 
by communicating these to AURA, Gemini’s managing organization. 
AURA in turn executed the board’s executive decisions. Like Keck, 
the Very Large Telescope, and other major telescopes under construc- 
tion, Gemini had a surfeit of committees and formal bodies that all re- 
ported to the board. AURA established its own committee to oversee 
its management of the project and look after financial matters. The 
Science Committee, chaired by Gemini’s Project Scientist, gave scien- 
tific guidance that filtered up through Gemini’s Director, to AURA 
and the NSF, and finally the Gemini Board. 

Bless soon discovered that Gemini’s management differed from 
AURA’s previous arrangements with other national astronomy proj- 
ects. AURA’s own board, of course, controlled national astronomy fa- 
cilities such as Kitt Peak and the Space Telescope Science Institute; 
but because Gemini was an international project with its own board, 
AURA had no direct control over it. The NSF, moreover, dé ided that 
no one associated with AURA could serve on Gemini’s board. This pol- 
icy, which puzzled and angered some senior astronomers in the US., 
placed American astronomers at a disadvantage as some of the most 
politically savvy scientists were barred from representing U.S. inter 
ests.'' Complaints followed that American astronomers were consis- 
tently outmaneuvered by their more politically skilled British and Ca- 
nadian counterparts. 

AURA’s board members were slow to realize that neither they nor 
the NSF had direct control over Gemini’s top-level decisions. This was 
a point of considerable aggravation for members of Gemini’s board, 
especially its two British members, Longair and Corbett. Gemini was, 
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in Corbett’s view, an international effort controlled by the Gemini 
Board, not an “AURA project which the NSF could not fund fully” and 
subsequently turned to an international partnership for funds. AURA, 
in his view, should stop trying “to see itself more as a ‘partner’ than a 
‘contractor.’”!? 

NOAO’s relationship to Gemini was another sensitive issue. Gem- 
ini’s ancestors were Aden Meinel’s “X-inch” project, Goldberg’s NGT 
program, and Kitt Peak’s NNTT project. AURA’s original proposal for 
twin 8-meter telescopes assumed that most of the management, de- 
sign, and construction would be done by the national observatory 
staff. Many at NOAO saw Gemini as simply an international version of 
their original project, the fruit of years of effort and anticipation. To 
complicate matters, the Gemini project was based at NOAO’s head- 
quarters in Tucson and many astronomers and engineers there ini- 
tially had key roles in the project throughout its formative years. For 
example, in January 1991, the Gemini Board selected Larry Randall, a 
former long-time Kitt Peak telescope engineer, to be Gemini’s Project 
Manager. A major new project could breathe new life into the national 
observatory. NOAO engineers and scientists would be working at the 
technological forefront in developing world-class scientific facilities, 
and it might help resolve enduring questions in the science commu- 
nity about NOAO’s future. When the NSF and Congress refused to 
fund a U.S.-only effort, many at NOAO felt “their” project had been 
taken away from them." 

Because AURA managed both NOAO and Gemini, clarifying the re- 
lationship between the two was of considerable importance. Goetz 
Oertel wished to avoid the appearance that either “the U.S. has lost 
control of ‘its’ project or that the U.S. has disproportionate control” 
over what was to be an international collaboration.'t Meanwhile, Can- 
ada and the United Kingdom had concerns that money they contrib- 
uted to the project might go to support NOAO rather than to build 
Gemini. Corbett, for example, worked to convince the other board 
members that Gemini needed to be separated from NOAO. Other- 
wise, “the culture, the philosophy, and basic modus operandi of the na- 
tional institution will dominate.”!* 

By early 1992, Gemini’s board acted to sever the project from 
NOAO formally, eliminating any direct managerial control NOAO 
might have over the project. The separation of Gemini from NOAO 
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further weakened the beleaguered observatory. And because NOAO 
staff (being AURA employees) could not serve on Gemini’s board, 
NOAO’s influence over the project was circumscribed more, even 
though Gemini had sprung from seeds that NOAO had laboriously 
tended. 

At his first board meeting, Bless also learned about constraints placed 
on Gemini by Bahcall’s decadal survey and Congress. The project 
appeared boxed in from a number of different directions: its cost, 
Bahcall’s recommendation that the northern telescope be optimized 
for infrared use, and the need to build Gemini as a genuine inter- 
national collaboration from which all partners derived benefit. The 
wording of Bahcall’s report deliberately omitted elements central to 
the partnership American, British, and Canadian astronomers had es- 
tablished. It also cleaved the twin telescope project into two separate 
endorsements—one for an infrared-optimized U.S. telescope and a 
lesser recommendation for a second 8-meter telescope in the South- 
ern Hemisphere to which the United States (and others presumably) 
might have access. 

When Congress approved the American share of funding for Gem- 
ini, it included a total cost cap of $176 million; only half of which was 
the United States’s share. Congress emphasized this point to Walter 
Massey, the NSF’s new director, when he appeared before the House 
appropriations committee in March 1991. In preparation for the hear- 
ings, Dick Malow discussed the status of Gemini with Bob Traxler, the 
committee's chair. For Malow, the final cost of the project was not the 
critical element but, rather, that the project be built with half the cost 
coming from foreign partners. Malow was concerned that, if Jongress 
did not make its demand for 50 percent foreign re clear, 
“Uncle Sugar was going to end up paying god-knows-what percentage. 
That is one of the reasons why I reinforced and nailed to the wall the 
50-50.”16 

Traxler subsequently reminded the NSF that Gemini could not pro- 
ceed unless it had “firm foreign participation first.”!7 Otherwise the 
NSF was to go ahead with plans for a U.S.-only telescope in Hawaii 
costing $88 million. Traxler’s committee gave these instructions 
despite claims from the NSF that one telescope would, in fact, cost 
more than half (as much as $100 million) of Gemini’s total cost be- 


cause there would be no savings from building two almost-identical 
facilities.!8 
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These restrictions angered many astronomers, especially as they 
watched the NSF’s Laser Interferometer Gravitational-Wave Observa- 
tory win congressional approval and $212 million of funding. LIGO 
soon fell behind schedule and spiraled to more than $360 million 
while its scientists could not guarantee its first generation of detectors 
would be sensitive enough to detect much at all. Costing almost four 
times the U.S. share of Gemini, LIGO would serve a far smaller group 
of scientists in an unproven field of observational astronomy. New op- 
tical telescopes, skeptics said, would at least see something, a claim gravi- 
tational-wave physicists had yet to demonstrate. 

Further complications were added when, in June 1991, Canada’s 
National Research Council surprised the science community by an- 
nouncing it would pull out of the Gemini project.'? Canadian astrono- 
mers were shocked and embarrassed by the news and quickly mobi- 
lized to reverse this decision. By the end of the summer, the Canadians 
cautiously predicted they would still participate in Gemini, but at a 
funding level reduced to 15 percent.” While good news, Gemini still 
needed to replace the missing 10 percent. There was not much time 
left for this. The latest report from Congress said that, unless foreign 
funds were fully committed by January 1, 1992, the NSF was to go 
ahead with building a single infrared-optimized telescope for U.S. as- 
tronomers on Hawaii. This was not what Gemini’s advocates wanted. 
To them, one of the project’s main strengths was having two telescopes 
with full-sky coverage integrated as a single observatory. This was espe- 
cially important for astronomers who were limited in their access to 
big telescopes that could see the southern night skies. 

Gemini’s supporters believed that lobbying by powerful American 
astronomers had helped create the congressional constraints, which 
were rather unusual for a large project still in its early stages. Bahcall’s 
committee was adamant that the telescope in Hawaii should be for 
American use only. Bahcall himself opposed the idea that his recom- 
mendations might be used to support the case for an internationally 
owned pair of telescopes. “I felt we needed full time on an IR-opti- 
mized telescope,” he said, “I thought we were giving things away too 
easily. I was not comfortable with ceding the running of our national 
observatory to other countries.”! To make his case, Bahcall went to 
Washington, D.C. and briefed Malow on the extent to which Gemini 
would meet his report’s recommendations. 

Bahcall also wanted reassurance that the telescope on Mauna Kea 


212 + GIANT TELESCOPES 


would be infrared-optimized, as his report recommended. To do this 
meant including features such as a special secondary mirror that could 
subtract sky background, a primary mirror coated with silver instead of 
the traditional aluminum for better infrared performance, and an 
overall telescope design that improved its infrared sensitivity. He re- 
minded Sidney Wolff that the emphasis on infrared observing was “es- 
sential to our ranking the northern 8-meter telescope so highly.”** The 
U.S. delegation to Gemini, Bahcall complained, did not contain any 
infrared astronomers while the NSF continued to downplay the infra- 
red optimization that led his committee to support the project in the 
first place.* 

Other vocal American scientists also favored an American-only infra- 
red telescope on Mauna Kea. The University of Hawaii’s Institute for 
Astronomy, for example, had a vested interest in a large infrared tele- 
scope in Hawaii. Donald Hall, the Institute for Astronomy’s director, 
was disappointed that the NSF and AURA would have no direct con- 
trol over the Gemini telescope on Mauna Kea. He was surprised that 
American astronomers had acquiesced to an international arrange- 
ment despite its failure to meet the Bahcall committee’s recommenda- 
tion for a national facility. Hall wanted the University of Hawaii to have 
some influence over Gemini, even a seat on the Gemini Board if possi- 
ble and a guaranteed share of observing time.24 Hall did not lack bar- 
gaining power. His institution controlled access to sites on Mauna Kea 
for new telescopes and the institute had expertise in cutting-edge in- 
frared arrays and instruments. Hall could also appeal to Daniel K. 
Inouye, a powerful Hawaiian Senator who appreciated the economic 
benefits and prestige new telescopes brought.® yA 

Hall’s criticisms joined a small but vocal chorus of NE Ae scien- 
tists unhappy with Gemini’s direction. To Gemini’s foreign partners, 
this was just sour grapes. “The Americans were affronted,” Longair 
recalled, “They said, ‘Why should the greatest country in the world 
have to collaborate to do something that is our birthright?’”26 Corbett 
became increasingly concerned that the NSF and AURA were not 
pushing Gemini past obstacles put up by Congress and senior Ameri- 
can scientists. Disturbed by what he believed was Americans’ failure to 
appreciate Gemini’s international nature, Corbett complained the 
United States feared a “cunning foreigner was trying to take poor Un- 
cle Sam for a ride.” British scientists, Corbett insisted, were not simply 
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buying shares in an American-led project. “We are partners in a joint 
project,” he wrote Van Citters, “If the NSF cannot educate Congress 
and the Senate to recognize this and to accept that a descent into 
xenophobia will benefit no-one, then I personally do not wish to pro- 
eee"! 

After the first Gemini Board meeting, Oertel lobbied Bahcall and 
Malow for support. Oertel argued Gemini was vital because it gave 
American scientists access to advanced new telescopes in both hemi- 
spheres and he assured Bahcall that it would meet expectations for an 
infrared-optimized telescope. Oertel also updated Malow about prog- 
ress Gemini was making toward the 50 percent foreign participation 
required by Congress. Oertel claimed that Gemini, now only shy by 10 
percent, was doing much better than many science projects and re- 
quested more time to sign up additional partners. At a time when 
Congress was accusing physicists of lacking genuine foreign participa- 
tion in their far-more-expensive Superconducting Super Collider proj- 
ect, Oertel’s point was reasonable. A week later, when Congress re- 
viewed the NSF’s budget, Traxler’s appropriations committee acted on 
Malow’s counsel and gave Gemini extra time to secure the remaining 
10 percent. 

‘In the six months after attending the first Gemini Board meeting, 
Bob Bless had received a crash course in the project’s politics and pit- 
falls. By January 1992, he had serious questions as to the direction it 
was going. Before the next Gemini meeting in May 1992, Corbett met 
with Bless and Don Morton from Canada’s National Research Council. 
The three agreed this was a “critical, even watershed” meeting. If the 
project could not improve its organization, Corbett and the others be- 
lieved that a “hostile Congress, fanned by Bahcall, et al. and Don Hall” 
would kill the project.” They were also disappointed with how the NSF 
and AURA were managing the project and handling communications 
within the project. Larry Randall’s performance as Gemini’s manager 
became a focal point for their displeasure. 

Two decades earlier, when AURA built its 4meter telescopes at Kitt 
Peak and Cerro Tololo, Randall was the engineering manager. Randall 
later served eight years as the manager for the team building the Faint 
Object Spectrograph, another of the Hubble Telescope’s major instru- 
ments. For Gemini, Randall had formed a solid team of engineers who 
trusted him, and he had extensive experience with telescope engineer- 
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ing. Since the early 1970s, however, the sophistication of telescopes 
had increased enormously. Scaling up from a 4-meter to 8-meter proj- 
ect did not merely entail contending with twice as much complexity. 

Randall’s technical ability impressed the board, but it insisted he did 
not yet grasp Gemini’s overall organizational structure or present a 
sufficient strategic overview of the project’s status. There were con- 
cerns Randall lacked a clear plan to divvy up construction of Gemini’s 
myriad technical systems (which were expensive technical plums that 
could yield jobs and prestige) among the partner countries. In these 
areas and many others, Randall, as Corbett recorded in his notes, “got 
a roasting” at the May 1992 meeting.®! 

Afterward, Corbett told Oertel in a frank and critical letter, “Gemini 
is, by some margin, the worst organized and managed project that I 
have ever come across.” He still detected an “isolationist” attitude as 
NOAO’s staff in Tucson “consolidated their grip” on the project while 
displaying a “centralized, ‘not invented here’ cast of mind.” Corbett 
claimed NOAO was duplicating technical work already done in the UK 
and expressed suspicions that Gemini was a way of keeping NOAO 
afloat in tough budgetary times. Corbett reminded Oertel that the 
British investment, relative to gross domestic product, was three times 
that of the Americans. Unless these and other issues were resolved, 
“the project carries with it an unacceptably high risk of failure.”®2 

Displeased with Randall’s lack of what George H. W. Bush had re- 
cently called “the vision thing,” the Gemini Board proposed the tele- 
scope project hire a director to deal with strategic issues. While the 
project searched for a full-time director, the Gemini Board asked Sid- 
ney Wolff to serve in the interim, beginning in June 1992. ini, of 
course, was now officially separate from NOAO, but Wolff retained a _ 
strong attachment to the project, which had its origins in her Tucson 
headquarters. Gemini needed a capable leader to guide it past politi- 
cal threats, but NOAO itself also needed leadership. The official “loss” 
of Gemini (most of the project’s tasks were still being done in Tucson) 
had hurt morale at the national observatory and it was bracing for yet 
another budget crisis. Despite her reservations, Wolff agreed to lead 
Gemini for the time being, a decision that, in effect, kept NOAO unof- 
ficially connected with Gemini. 

The Gemini Board’s wrangling over management issues was done 
out of sight of the science community, the media, or politicians. More- 
over, as Gemini created its management plan (a somewhat organic 
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process for projects of this type), people like Hall and Corbett maneu- 
vered with the interests of their home institutions in mind. What ap- 
peared as a highly critical letter or harsh exchange at a board meeting 
also reflected elements of political posturing. This relative invisibil- 
ity ended in late August 1992 when Sidney Wolff announced that 
Corning, not Roger Angel’s Mirror Lab, would make Gemini’s 8-meter 
mirrors. According to one observer, Gemini soon became “perhaps 
the most politicized and contentious project ever in the history of 
ground-based astronomy.” 


Mirror, Mirror? 


Before Gemini’s mirror controversy ensued, the project was already 
struggling to resolve the management and organizational issues typical 
for a major international science project. As Gemini’s advocates navi- 
gated these seas, the mirror controversy torpedoed the project amid- 
ships. Without widespread community agreement about Gemini’s mir- 
ror, the project would founder. 

When the mirror controversy became public and rancorous, Gem- 
ini’s supporters had to resolve it immediately so as not to undermine 
the astronomy community’s belief that the project was both techni- 
cally correct and politically legitimate. The controversy did not just 
threaten Gemini. The mirror debacle surrounding Hubble and the 
ensuing political fallout was fresh in many astronomers’ minds as they 
debated Gemini’s options. Many believed the reputation of the Ameri- 
can astronomy community and the NSF’s ability to undertake future 
international collaborations were also at risk. 

There were signs that a fight over Gemini’s mirrors was brewing 
months before the project chose Corning. In June 1989, the Steward 
Observatory Mirror Lab completed its third successful 3.5-meter mir- 
ror casting. With funding from the Air Force, the NSF, and the Univer- 
sity of Arizona, the lab had developed its ability to polish large mirrors, 
thus providing “one-stop shopping” for telescope projects. Companies 
like Corning and Schott, in contrast, only offered a rough mirror 
blank and left the lengthy polishing and testing process to other com- 
mercial firms. Knowing the Mirror Lab’s capabilities, most astrono- 
mers assumed as the Gemini partnership gelled that the Mirror Lab 
would furnish the optics. 

After the series of 3.5-meter castings, Mirror Lab’s next major goal 
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was a 6.5-meter mirror blank for the Multiple Mirror Telescope. In 
1987, the University of Arizona and the Harvard-Smithsonian Center 
for Astrophysics decided to replace the MMT’s six smaller mirrors with 
a single large mirror. Engineers planned to fit one of Angel’s honey- 
comb mirrors, cast with a very short focal ratio, inside the MMT’s exist- 
ing enclosure. This would more than double the telescope’s light-col- 
lecting power and increase its field of view, offering an economical way 
for astronomers to get, in effect, a much more powerful telescope. 

Making MMT’s new mirror promised to be a major milestone for 
the Mirror Lab. Angel’s 6.5-meter mirror design was two-thirds bigger 
than the 200-inch mirror Corning had made decades previously, yet it 
would weigh only half as much. Progress at the lab toward ever-larger 
mirrors was slower than Angel and Peter Strittmatter, Steward Obser- 
vatory’s director, expected. The NSF’s practice of funding the lab on 
an annual basis made future planning difficult; and in the late 1980s, 
the Mirror Lab struggled with a high turnover of lab managers. These 
difficulties occurred as the Mirror Lab tried to make the transition 
from a research and development facility to a commercial competitor. 
By the end of 1991, the Gemini Board was concerned with the lab’s 
slow progress. 

At the first meeting of Gemini’s board in October 1991, there was 
extensive discussion about Gemini’s mirror options. An Angel mir- 
ror was believed to offer the best performance, but board members 
were concerned about management issues. At some point, the project 
might need to exercise oversight over the Mirror Lab if there were 
staff or administration problems. Ceding control to Gemini would 
have been antithetical to most astronomers at the Universi! ‘of Ari- 
zona, given their traditional autonomy in research and instrument 
building as well as the history of poor institutional relations between 
Steward Observatory and the national observatory. But, as one Gemini 
board member said, “Either we control the show or we let it sink.”34 

By 1991, the NSF had spent over $12 million on the Mirror Lab 
while other sources—the University of Arizona and the Air Force, 
mainly—had invested millions more. The recent Bahcall survey called 
the lab a “crucial element in the U.S. astronomy program” so aban- 
doning the enterprise outright was not something the NSF wanted to 
do. A preferable goal was to encourage more professional manage- 
ment. Wayne Van Citters of the NSF raised this issue with university of- 
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ficials. Beginning in 1992, the NSF would stop supporting the develop- 
ment of casting technology at the Mirror Lab. Instead, money from 
specific telescope projects would support the facility’s “transition from 
Research and Development to a production environment.” Shifting to 
a “production-oriented activity” meant hiring a professional manager 
who would report to the university administration and not to Steward 
Observatory’s astronomers. In what was one of the opening shots in 
Gemini’s mirror battle, the NSF warned that Gemini would not use a 
mirror from Angel’s lab unless “major management changes” were 
made.*®° 

In January 1992, the Mirror Lab hired its first professionally trained 
manager. Stephen F. Hinman was an easy-going engineer with over 
twenty-five years of experience in Eastman Kodak’s optics manufactur- 
ing program. When he arrived at the Mirror Lab, Hinman encoun- 
tered circumstances that were common to many university labs. The 
scientists had technical authority without the accompanying financial 
responsibility. At the same time, the lab was not equipped to deal with 
the accounting requirements for what amounted to a moderate-sized 
manufacturing facility. “They estimated project costs on mere sketches 
and ideas,” Hinman later said, “but often didn’t think out the details 
until we were building the equipment. The result was sometimes cost 
overruns.”°> This type of problem was exactly what the NSF wanted the 
Mirror Lab to correct. 

When Hinman was hired, the race to build the world’s biggest tele- 
scope mirrors was growing in intensity, and the Mirror Lab remained a 
strong contender. On November 7, 1991, Caltech and the University 
of California dedicated the Keck Telescope, the first of the giant new 
telescopes, on Mauna Kea. Only nine of the telescope’s thirty-six 
mirror segments were installed, but these alone still collected more 
light than the 200-inch on Palomar. Despite some software difficulties, 
the partially finished telescope took its first images a few weeks later. A 
few months before Keck’s dedication, Corning announced it would 
build the mirror for Japan’s national telescope project. The 8.3-meter 
Subaru telescope, named after the Japanese word for the Pleiades star 
cluster, would be built on Mauna Kea next to the Keck facility. By early 
1992, Schott successfully made its first 8-meter meniscus mirror for 
ESO’s Very Large Telescope facility in Chile. All three basic mirror 
technologies that astronomers had advocated in the 1980s—Jerry Nel- 
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son’s segmented mirror, Angel’s honeycomb approach, and the com- 
mercially made meniscus mirrors—were simultaneously coming on 
line at major observatories. None of them had yet emerged as superior 
in cost or performance. 

On March 29, 1992, after months of delays and frenzied work, the 
Mirror Lab was ready for its biggest casting yet. Underneath the uni- 
versity stadium, lab technicians constructed an intricate mold of 1,020 
ceramic cores. Over several days, lab staff loaded ten and a half tons of 
carefully selected chunks of borosilicate glass, some 4,000 pieces in all, 
into the mold. With the glass inside, the furnace weighed over 70 tons. 
A crane gently placed the lid on the furnace and technicians turned 
the heat on.°” 

Four days later, it was 1,180° C inside the furnace, which was spin- 
ning once every eight seconds. At this point there was no turning 
back. The glass inside the furnace had begun to soften and fill the 
spaces between the mold segments to create the honeycomb structure. 
Dan Watson, the lab’s longtime oven pilot, Strittmatter, and Angel 
monitored conditions via closed-circuit television with groups of re- 
porters. A failure at this point would mean the loss of months of work 
and $1 million worth of glass and ceramic. As the glass chunks soft- 
ened and slumped, the centrifugal force of the furnace’s rotation cre- 
ated a 33-centimeter-deep bowl in the top surface of the hot, honey- 
like glass. This surface would eventually collect the light from thou- 
sands of distant stars and galaxies. Weeks later, the furnace’s tempera- 
ture was cool enough to permit inspection of the finished mirror 
blank. Angel and the staff at the Mirror Lab were ecstatic. After years 
of effort, they had demonstrated their operation could ponte with 
much larger and better financed commercial firms to produce an ex- 
cellent product. 

Glass was not the only thing heating up at the Mirror Lab. The lab’s 
new capability prompted executives at Corning’s New York headquar- 
ters to write Steward Observatory and the NSF just as Mirror Lab be- 
gan its largest casting to date. Because the Mirror Lab had invited 
representatives from the NSF and Gemini to attend the event, Corning 
expressed concern that “other activities might be planned for this oc- 
casion” that would give the University of Arizona an “unfair competi- 
tive advantage” for Gemini’s mirror contract. Angel’s blunt response 
was that the Mirror Lab did not “rely upon influence to establish our 
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competitive advantage with any constituency; we rely upon perfor- 
mance.”88 

In May 1992, Gemini’s management requested formal bids for two 
8-meter mirrors. Corning, Schott, and the Mirror Lab (through the 
university) responded with their proposals. The University of Arizona 
encountered difficulties, however, in preparing the Mirror Lab’s bid. 

Gemini required all bidders to submit a fixed-price proposal. Bidders 
had to assume the risk of any casting failures and would work until the 
mirrors were made successfully. As a publicly funded university, Ari- 
zona could not easily assume this risk. Arizona’s solution was to pres- 
ent Gemini with several different bids, including a scenario in which 
the Mirror Lab and Gemini would share the costs if one of Angel’s 
castings failed. This bid was $12.8 million for two unpolished mirror 
blanks (polishing would add about another $4.5 million). This pro- 
posal required Gemini to shoulder some risk as each failed casting 
would cost $3 million: After much discussion, the Mirror Lab received 
permission to submit a fixed-price bid similar to what a commercial 
firm would offer. To protect the university in the event of any failures, 
this bid was substantially higher than their other offer—$18.5 million, 
not including polishing or any other costs.* 

- Corning aggressively priced the cost of two unpolished 8-meter me- 
niscus mirrors for Gemini at around $11 to $12 million.*° The com- 
pany’s proposal was understood to be priced substantially less than 
what Japan was rumored to have paid Corning for Subaru’s mirror.*! 
Fixed-price bidding was not a problem for a commercial enterprise 
like Corning, which could assume the financial risk if any failures oc- 
curred. Historically, astronomers associated Corning with telescope 
mirrors. The New York company had made the mirrors for the Palo- 
mar 200-inch and the 120-inch at Lick Observatory at its Corning, New 
York, factory. In the 1960s, Corning began concentrating its classified 
research and development at another plant in upstate New York where 
it developed products such as the mirrors for spy satellites and the win- 
dows for the space shuttle. Since the early 1980s, company representa- 
tives worked to keep pace with new technologies for making large 
mirrors.*2 Corning business executives saw products such as telescope 
mirrors as a way to diversify the company’s pool of technology. Niche 
products like big mirrors, they hoped, would become more profitable 
while the research and development needed to make them might 
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lead to new merchandise. Casting giant meniscus mirrors for a high- 
profile project like Gemini also offered Corning excellent publicity 
that might translate into more lucrative contracts for classified 
projects.* 

At a July 1992 meeting in Washington, D.C., the Gemini Board re- 
viewed all the mirror bids. Larry Randall and two committees of as- 
tronomers, engineers, and administrators worked over the summer of 
1992 to pick a winner. By August, both committees (neither unani- 
mously) recommended that Corning should make Gemini’s mirrors. 
In mid-September, Gemini awarded Corning the contract for the first 
mirror with an option for a second. 

Gemini’s selection of Corning over the Mirror Lab can, initially, be 
understood in terms of three factors: scientific performance, cost, and 
scheduling. When Gemini chose Corning over the Mirror Lab, it ad- 
mitted that the meniscus technology was thought to be inferior to An- 
gel’s honeycomb mirrors. One anonymous committee member even 
expressed concern that, with a Corning mirror, “the scientific goals of 
the project will not be met.”** However, both Europe and Japan had 
opted for meniscus mirrors so, in this regard, Gemini had good com- 
pany. Conversely, Mirror Lab advocates also noted that astronomers’ 
confidence in Angel’s honeycomb mirrors was such that already 
several other telescopes underway—including the WIYN telescope in 
which NOAO was a partner—were based on them. 

These arguments were complicated by the fact that, in 1992, neither 
Corning nor the Mirror Lab had successfully made an 8-meter tele- 
scope mirror. Many doubted it could be done easily or cheaply. Be- 
cause no telescope in the world was using either an Pers oer 
comb or meniscus mirror yet, astronomers’ arguments ab ut future 
performance depended on inconclusive predictions and calculations 
rather than on actual experience. 

Despite the belief that Angel’s mirror technology promised the 
better performance, Gemini’s board found the University of Arizona’s 
bids impossible to accept. The Mirror Lab’s bid was much more costly 
than its earlier presentations had led Gemini’s leaders to expect. 
Three years earlier, for example, the Mirror Lab estimated the cost of 
casting an 8-meter mirror at under $3 million. The University of Ari- 
zona’s proposal included stipulations that Gemini’s board found unac- 
ceptable.* Finally, Gemini remained unconvinced that the Mirror Lab 
possessed what it called the “deep management structure” believed 
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necessary to make its mirrors on schedule. Any delays could cost hun- 
dreds of thousands of dollars while Gemini kept its engineers and as- 
tronomers idling. 

Corning, on the other hand, could direct enough money and peo- 
ple to its mirror production to ensure that costs and schedule obliga- 
tions were met. As for concerns that Gemini telescopes equipped with 
meniscus mirrors might not perform well enough—Gemini was not 
expected to see first light for at least six more years and the project was 
confident that “further engineering work [could] produce acceptable 
scientific performance.”# 

Scientists and engineers focused on performance, cost, and schedul- 
ing to justify Gemini’s choice of Corning over the Mirror Lab. Each of 
these criteria could be quantified to varying degrees to support an ar- 
gument for either mirror technology. Once the decision in Corning’s 
favor was announced, other factors less easily expressed in numbers, 
namely community politics and differing beliefs about the way Big As- 
tronomy should be done, emerged. 


Gemini under Siege 


In the summer of 1992, Gemini hired Matt Mountain as its new proj- 
ect scientist. His experience with infrared instruments and telescopes 
made him especially attractive to Gemini, which was still parrying criti- 
cism that its telescopes fell short of the Bahcall committee’s recom- 
mendations.*® As dissatisfaction with Randall’s management grew, 
Gemini’s board demanded the project function like a high-tech indus- 
trial undertaking with a more “corporate” approach. They expected to 
see careful monitoring of cost and schedule goals, extensive integra- 
tion of Gemini’s various systems, clear communication between engi- 
neers and scientists, and use of modern design and management tools. 
Mountain brought familiarity with this style of doing astronomy, which 
he learned while at the Royal Observatory in Edinburgh. When the 
thirty-six-year-old astronomer arrived in Tucson, he found Gemini un- 
der siege. “I didn’t have any religious faith about what mirror we 
should have. I had expected it to be Roger Angel’s, frankly. I was there 
to build two telescopes, not support a mirror technology. Suddenly, 
boom! We were into it.”* 

Angel, Strittmatter, and their supporters were shocked and appalled 
by Gemini’s choice. They believed the bidding process they were 
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obliged to participate in was unfair. They had not expected a direct 
competition with a commercial vendor or Gemini’s insistence on a 
fixed-price bid. Arizona objected that what it considered proprietary 
information from the Mirror Lab circulated for months among astron- 
omers and engineers from the national observatory. Moreover, Angel 
and Strittmatter had many candid discussions with NOAO staff about 
its mirror technology (including its costs) long before Gemini for- 
mally existed. Many of these people now worked for Gemini. One se- 
nior engineer had even left NOAO to help Corning prepare its com- 
peting bid, prompting Arizona to cry foul more vehemently. 

Angel and his colleagues had a considerable emotional and profes- 
sional investment in their techniques. They believed their facility of- 
fered a finished mirror—cast and polished—that no commercial firm 
could match. Gemini, however, did not ask bidders to provide a fin- 
ished mirror, only a rough mirror blank that would be subsequently 
polished. This approach, Angel believed, did not take full advantage of 
the capabilities his lab had worked so hard to develop. “We felt really 
screwed,” he said, “It was like, ‘Hey, a piece of glass is a piece of glass. 
You just make it as cheap as you can.’”! 

The choice of Corning also revealed broader disagreement in the 
astronomical community. To build the next generation of astronomi- 
cal tools, some scientists believed it necessary to cede control and au- 
tonomy to project managers and systems engineers. Others pointed to 
the crippled Hubble Space Telescope as evidence that astronomers 
needed to retain their influence and authority as projects became big- 
ger and more complex. Gemini’s prioritization of cost and, schedule 
over the anticipated better performance of Angel’s technol was a 
vote for the “corporate” approach, which some scientists felt necessary 
and others detested. 

That Gemini admitted Angel’s technology was probably superior to 
Corning’s was especially galling to astronomers who dreaded a Hub- 
ble-like embarrassment to astronomy. Some scientists wondered why 
the NSF had invested millions in Angel’s lab, only to see Gemini opt 
for a commercial vendor. “This decision to throw away a 10-year invest- 
ment in a successful technology . . . clearly doesn’t make any sense at 
all,” one supporter protested.*? The Mirror Lab offered an opportu- 
nity to return some control back to scientists who used the telescopes. 
“That industrial-strength brainpower is in some sense superior to uni- 
versity brainpower—or that it is better managed—is entirely falla- 
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cious,” said one astronomer who cited the B-2 bomber and Hubble as 
glaring examples of “management-induced cost overruns.”°3 

Compared to the corporate style Gemini favored and that Corning 
promised to deliver, Angel and Strittmatter operated in a manner best 
described as entrepreneurial. Clever thinking and risk-taking helped 
Steward Observatory’s rise to scientific prominence. The Multiple Mir- 
ror Telescope’s bold departure from traditional design reflected Stew- 
ard Observatory’s unconventional and sometimes aggressive expan- 
sion of its astronomy program. Throughout the 1980s, Strittmatter 
and his colleagues doggedly pursued plans for more new telescopes 
(including the unorthodox Large Binocular Telescope). The Mirror 
Lab was another manifestation of Arizona’s entrepreneurial ethos—a 
facility built against the odds where astronomers made tools for other 
astronomers. Likewise, many of the projects based on optics from the 
Mirror Lab placed great value on input and judgment from individual 
astronomers. The Carnegie Institution of Washington, for example, 
had long maintained such a tradition. In 1992, it joined forces with Ar- 
izona to build two 6.5-meter telescopes in Chile with Angel’s lab sup- 
plying the mirrors. 

The Mirror Lab’s enterprising spirit carried over to the business as- 
pects of its production as well. Malcolm Longair recalled, “Many of us 
got the impression Steward Observatory thought they had the Gemini 
board over a barrel . . . One story I heard was that they were actually 
going to build their own 8-meter telescope out of the funds from 
these two mirrors.”*+ Like Internet startup companies in the 1990s, An- 
gel and Strittmatter had aggressively courted many patrons—the NSF, 
NOAO, the Air Force, NASA—to expand the lab and keep it afloat. 
The university and the lab anticipated reaping a profit from Gemini’s 
mirrors, an unusual situation for a public institution competing with a 
privately funded company. Hinman later believed they aimed too 
high, partly out of a desire to maximize their return and also on the 
belief that Gemini would be willing to pay for mirrors superior to com- 
mercial products. 

The loss of the Gemini contract clearly endangered the Mirror 
Lab’s future and reputation. Astronomers from Arizona and their sup- 
porters mobilized. In doing so, they allied themselves with Gemini’s 
existing opponents. John Bahcall, for example, remained uncon- 
vinced his survey’s recommendations were being heeded, and he op- 
posed international collaboration for Gemini. Don Hall at the Univer- 
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sity of Hawaii was still feuding with the NSF and AURA over Gemini's 
site on Mauna Kea, to which his school controlled access. He pre- 
ferred, as did Bahcall, that the twin-telescope plan be scrapped in 
favor of a single, infrared-optimized American telescope in Hawaii. 
These feelings were fueled by another massive donation from the Keck 
Foundation (almost $75 million) for a second privately operated 10- 
meter telescope on Mauna Kea.*’ The news prompted complaints that 
California astronomers would have two giant new telescopes of their 
own while the whole American science community would be serviced 
by only half of an international 8-meter project. 

Not all American astronomers believed that a single telescope on 
Mauna Kea was the best choice for their community. Many recognized 
that scrapping Gemini’s Southern Hemisphere telescope would cur- 
tail most American astronomers’ ability to observe the skies. Both 
Carnegie and ESO had plans for large telescopes in Chile that would 
be off-limits to most U.S. scientists. “If this happens,” wrote Jay 
Gallagher, a vice-president of AURA from the University of Wisconsin, 
“then those of us not in California will be left out of the big leagues.” 
This would be “a national scientific tragedy.”** Gallagher confided to 
Van Citters that he had followed the “Hall-Bahcall duo around [Wash- 
ington] trying to undo their strong anti-international stance on Gem- 
ini.” The unfolding controversy over Gemini was, in his view, “the per- 
fect opportunity to confirm the opinion long held by some on the Hill 
that astronomers are a fractious and ungrateful bunch!” 

Angel defended his lab by telling astronomers and science manag- 
ers that the mirror choice reminded him of how Hubble’s mirror 
problem had occurred. Angel’s experience on the NASA boat'd of in- 
quiry that investigated the cause of Hubble’s problems reinforced his 
opinions. Hubble’s failure, Angel wrote the NSF’s director, could have 
been avoided by incorporating the skills of “experimental scientists 
with deep understanding and experience with telescopes... I am now 
concerned that history will repeat itself.”6 Gemini admitted it would 
probably need assistance from European and Japanese telescope proj- 
ects using similar mirror technologies. “What kind of management 
technique is this?” one astronomer asked, “Do we have so little faith in 
our own capabilities?”®! Instead of the NSF getting the best possible 
telescope for American astronomers, Gemini had, according to Angel, 
“started down the path of compromise and duplication.” 
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In a “most unpleasant meeting” with Arizona astronomers, Wayne 
Van Citters was disturbed to hear that Frank Low, Arizona’s well-re- 
spected infrared astronomer, now also opposed Gemini.® Low had ad- 
vocated an infrared-optimized telescope to Bahcall’s survey commit- 
tee; and in 1991, he helped Gemini establish design criteria that would 
improve its performance. According to Low, neither Gemini’s mirror 
choice nor the telescopes’ basic design were sufficient for an infrared- 
optimized facility. Marcia Rieke, another Arizona infrared astronomer 
and a newly elected Gemini Board member, expressed doubts about 
Gemini’s scientific potential to Bahcall. She feared “the Board will 
not choose in favor of [infrared] needs when the inevitable tradeoffs 
arise.”°> These: criticisms were serious. While Angel and Strittmatter 
could attack a specific aspect of Gemini—its mirror—the criticism 
from Low and other infrared astronomers thrust at the heart of the 
project’s primary scientific rationale for American astronomers. 

Rumors also circulated that Gemini’s British partners had requested 
the meniscus mirrors from Corning in exchange for their participa- 
tion. While there is no direct evidence that the U.K. demanded Gem- 
ini choose the meniscus approach, many British and Canadian sci- 
entists were favorably disposed to Corning’s technology.® The Royal 
Greenwich Observatory already had begun to study how to build the 
complex and expensive support system for a large meniscus mirror, 
and there was a general belief (which events bore out) that this tech- 
nological plum would be awarded to them. 

As a prelude to the next Gemini Board meeting, Van Citters and the 
other U.S. board members met again with Arizona astronomers to dis- 
cuss the mirror choice and Gemini’s expected infrared performance. 
Before he left for the rendezvous, Van Citters discussed strategy with 
Bob Bless. Bless was still discouraged over the difficulties his instru- 
ment on Hubble was having; Gemini’s mirror woes only added to his 
distress. “Science is fun!!!” Bless wrote before wishing, “If only we 
could do some.”°® 


Second-Guessed 


The next meeting between Gemini representatives and Arizona as- 
tronomers lasted for seven tense hours. Discussions focused on two 
main issues: Gemini’s mirror choice and whether the telescope would 
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truly be infrared optimized. At the meeting’s outset, Low, an imposing 
man with a deliberate manner of speaking, reviewed Gemini’s design 
goals. Gemini, he said, promised scientists high-resolution images at 
infrared wavelengths. The telescopes’ specifications surpassed the per- 
formance that astronomers anticipated from any other large telescope 
and was a unique science capability Gemini could offer. Low asserted 
the telescopes’ baseline design would not meet the goals that he had 
helped define. An all-purpose telescope, Low reminded them, did not 
meet Bahcall’s recommendation either. 

Arizona’s assault on Gemini’s design continued. Angel wobbled a 
piece of thin material to show the difficulty of supporting meniscus 
mirrors in high winds, a display that made many recall Richard Feyn- 
man’s famous o-ring demonstration at hearings for the Challenger 
explosion. When Wolff and Randall acknowledged their design still 
needed further study, Arizona astronomers were infuriated. They de- 
manded to know exactly how Gemini was going to address the techni- 
cal questions they had raised and questioned the merit of building 
what some saw as a mediocre design.” 

The Gemini Board met the next day in Tucson. British and Cana- 
dian astronomers had not been invited to the meeting with the Ari- 
zona scientists, prompting complaints that Gemini had a long way 
to go toward real international collaboration. When he heard about 
the previous day’s confrontation, Ian Corbett wrote in his notes, “I 
came to the conclusion that the Project is not yet confident in its solu- 
tions. This is indeed worrying.”®§ British and Canadian members of 
the Gemini Board were outraged that the project was threatened by at- 
tacks from a small but vocal group of American astronomersgMalcolm 
Longair, Great Britain’s other representative, observed “the United 
States didn’t have the means to cope with this sort of issue the way we 
do in the U.K. We would put issues like this to an advisory panel to 
make a judgment.”® It appeared to many board members that Arizona 
and Hawaii were using technical arguments to overturn the mirror 
choice and undo the international collaboration. 

The November meetings were Matt Mountain’s formal introduction 
to Gemini. As the new project scientist, he was “oblivious to a lot of 
what was going on with the project’s politics.” To him, Angel’s Feyn- 
mann-like demonstration appeared intellectually dishonest, but “it was 
a very convincing and sobering lesson.””” To succeed, Gemini needed 
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to convince critics that the mirror choice made sense in terms of cost 
and scheduling, that the project could answer the technical questions 
Low and others had raised, and that Gemini’s overall management was 
sound. 

News of Gemini’s problems spread throughout the science commu- 
nity and its supporters rallied to sustain it. “I have been told that the 
Universities of Arizona and Hawaii are attempting, for reasons of 
narrow self-interest, to subvert the Gemini Project,” wrote Augustus 
Oemler, chair of Yale University’s astronomy department. “To hijack 
this program to satisfy the interests of a few . . . would be an out- 
rage, and a disaster for American astronomy,” which would “doom all 
hope for any national large telescope.” Other letters warned Senator 
Mikulski and Bahcall that “selfish interests” would harm future inter- 
national science collaborations.”! 

Gemini, Angel remarked, was becoming the first telescope to pro- 
duce more heat than light. It was increasingly difficult to separate 
strictly technical arguments from political maneuvering. Gemini’s po- 
litical disputes could not be hidden from Congress, and the project 
achieved what all Big Science projects wish to avoid—bad publicity. 

On November 16, Strittmatter, Wolff, Hall, and Bahcall convened 
in Washington where they were joined by Oertel and Van Citters. 
Dick Malow and Kevin Kelly, his Senate counterpart, met with this 
diverse group for two-and-a-half anxious hours. There were no repre- 
sentatives from Gemini’s international partners (again) or Corning. 
However, rumors circulated that the glass company had deployed its 
lobbyists, including Francis B. Kapper, Corning’s well-connected direc- 
tor of Advanced Government Programs in Washington. Malow and 
Kelly criticized the NSF for failing, despite their warnings, to set priori- 
ties among its biggest projects (a situation Malow had warned about 
for years given the on-going budget climate). Gemini, LIGO, and oth- 
ers, according to Wolff’s version of the meeting, “would be rammed 
down the NSF’s throat. There was no sympathy I could detect for indi- 
vidual investigators.” 

Ostensibly, Malow and Kelly had called the meeting to talk about 
Gemini’s budget situation and to explore how much one telescope 
might cost if that option became necessary. The Congressional staff- 
ers reiterated their two main priorities. “Kevin and I were concerned 
about the budget issues and getting the foreign participation re- 
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solved,” Malow said, “The mirror issue came in out of the clear blue to 
us.”’3 Kelly had a stack of astronomers’ messages supporting or pillory- 
ing Gemini, and he and Malow expressed surprise that scientists were 
airing their differences so publicly. Malow offered the project a re- 
prieve until May 1993 to get all interested partners signed up for Gem- 
ini. Until then, the U.S. share of Gemini’s funding would be frozen, 
one step toward outright cancellation.” 

The congressional staffers displayed little patience for Gemini’s tech- 
nical difficulties and appeared interested only in meeting Bahcall’s de- 
cadal survey requirements. Bahcall, although opposed to Gemini as an 
international venture, cautioned against abruptly abandoning Cana- 
dian and British astronomers. Bahcall instead suggested the NSF ask 
eminent American astronomers to review the project, including its 
mirror choice. Malow and Kelly agreed to Bahcall’s suggestion, which 
some saw as another step toward Gemini’s cancellation. 

In December 1992, the NSF established an independent committee 
to review Gemini. Bahcall insisted the committee’s chair be a “card 
carrying infrared astronomer” and suggested James R. Houck, a scien- 
tist at Cornell University. Houck, then fifty-two years old, had earned 
his Ph.D. from Cornell in 1967 and worked there since on both infra- 
red research and instrumentation. Houck’s committee of highly re- 
spected scientists included: Steve Strom who six years earlier had en- 
couraged AURA to abandon the NNTT project in favor of 8-meter 
telescopes; John Huchra and Marc Davis, who knew each other from a 
large-scale galaxy redshift survey they began in the late 1970s; and 
Gerry Neugebauer and Judith L. Pipher, who were experts 9 infrared 
observing and instrumentation. 

Six of these scientists had participated in Bahcall’s rae and sey- 
eral were members of the National Academy of Sciences. All of them 
had sympathy for an entrepreneurial approach to astronomy and had 
worked on influential science projects by raising funds personally, 
building equipment, and working alone or in small teams on which as- 
tronomers had a great deal of control. Huchra, for example, had years 
of experience using telescopes and was a classic example of an entre- 
preneurial, hands-on astronomer. In the 1980s, Huchra added thou- 
sands more data points to the redshift survey he and Margaret Geller 
were doing—the result was the discovery of the Great Wall—yet even 
as this research project grew to include theorists and more graduate 
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students, it remained a loosely organized effort with astronomers call- 
ing the shots.” 

Princeton astronomer Jim Gunn also joined Houck’s panel. Years 
earlier, Gunn helped design Hubble’s main instrument, the Wide- 
Field Planetary Camera built by the Jet Propulsion Laboratory for 
about $70 million. When NASA grudgingly revealed the mirror prob- 
lem that compromised Hubble’s performance, Gunn was furious. He 
wrote an agonized missive expressing his belief that scientists had “lost 
all control of [their] destiny.” As telescope projects became bigger and 
more complex, astronomers, Gunn said, had yielded control to a bu- 
reaucracy “unable to handle large projects of its own.” Astronomers, 
he said, had not been “‘screwed over’—we have been exquisitely vul- 
nerable to precisely this kind of thing happening for years... We are a 
discipline of technical incompetents, happy to let our or NASA’s engi- 
neers build our tools to their desires, by and large, not ours.” Hubble’s 
mirror problem, Gunn concluded, was “an ASTRONOMICAL failure” 
in all senses, and he was motivated to join Houck’s group by a wish to 
avoid another “Hubble-like fiasco.””° 

Those for and against Gemini lobbied Houck’s panel. One “former 
skeptic and critic” of Gemini resented how community “selfishness 
and competitiveness” now threatened it.”” After Oertel learned of a let- 
ter-writing effort underway by scientists opposed to Gemini’s design, 
he wrote Houck about what he gingerly termed Gemini’s “avoidable 
challenges.” Such disputes would “certainly cast a bad light on astron- 
omy” while public disagreement might weaken the NSF’s and Con- 
gress’ support for astronomy in general. As a nationally available facil- 
ity, Gemini was potentially valuable to all American astronomers. “To 
paraphrase JFK,” Oertel said, “we should not ask what Gemini can do 
for us, but what we can do for Gemini.” 

Meanwhile, rumors circulated of behind-the-scenes political inter- 
ference. Sherwood Boehlert, a Republican representative from a con- 
gressional district in central New York near Corning’s headquarters, 
served on the House Committee on Science. Independently, several 
people claimed Boehlert or Alfonse d’Amato, a New York Senator on 
the appropriations committee, was contacted by Corning lobbyists. 
While no direct evidence supported such claims, they added to an al- 
ready charged atmosphere. 

In January 1993, Houck’s panel met in Tucson to hear presenta- 
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tions from both Gemini and the University of Arizona. Matt Mountain 
was worried after seeing NOAO’s presentation to the panel about its 
contribution to Gemini. NOAO didn’t, he recalled, understand that 
Houck’s committee was not reviewing just the mirror choice but also 
the entire project. Gemini still suffered, some believed, from an iden- 
tity crisis. Officially separate from NOAO, critics still equated Gemini 
with the national observatory that, as one prominent astronomer 
noted, had “never got squarely out in front of the technical challenges 
mounted by the general optical community.””? Huchra remembered 
that at least one astronomer on Houck’s panel wanted to kill the proj- 
ect outright in favor of a single American telescope in Hawaii. Per- 
suading them not to abandon the twin telescopes took, he later esti- 
mated, at least two bottles of good scotch.*? 

In evaluating the two mirror technologies, Houck’s committee fo- 
cused on two technical concerns. One was the mirror’s thermal con- 
trol. To attain the exquisite imaging performance Gemini’s advocates 
wanted, it would be necessary to keep the mirror’s surface within a 
fraction of a degree of the ambient air temperature. Another critical 
question was how Gemini’s mirrors would be supported. Traditionally 
a telescope mirror rested inside a steel mirror cell, an approach pio- 
neered by Lord Rosse in the early nineteenth century. The mirror 
“floated” on supports in the cell that were connected to the telescope 
structure at only three points. A large meniscus mirror, however, was 
not inherently stiff enough to resist buffeting by high winds. To meet 
this challenge, Gemini’s engineers proposed supporting their mirror 
with a complex electromechanical system of actuators instead of a 
traditional mirror support system. These devices would con nuously 
monitor the mirror and adjust its shape and position to compensate 
for wind and gravity effects. Supporting a 8-meter mirror less than a 
foot thick and weighing several tons presented a challenge different 
from that solved by Keck for its smaller and lighter segments. This was 
a feat no project had successfully accomplished for a telescope as large 
as Gemini. Given the project’s formidable goal of giving astronomers 
infrared images with 0.1 arc-second resolution, precise mirror control 
was critical. 

In its report to Congress, the Houck Committee unanimously con- 
cluded that in “choosing a meniscus mirror over a honeycomb mirror, 
the Project has unnecessarily exposed itself to significant additional 
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risk of failure.”§! Gemini had traded “perceived short term financial 
risk” for the likely possibility that the telescopes’ final performance 
would be compromised. While Japanese and European telescope proj- 
ects had opted for meniscus mirrors, these had neither Gemini’s de- 
manding imaging requirements nor its tight budget constraints. No 
project had yet resolved the technical questions associated with the 
meniscus approach at the 8-meter scale. Gemini’s plan was just “too 
technologically risky” while the “incorrect mirror decision” was inter- 
preted as “proof that something is seriously wrong” with Gemini’s en- 
tire management. 


The Bigger Picture 


While the conclusions of the Houck Committee delighted Arizona as- 
tronomers, Corning responded swiftly with outrage. The Monday after 
the panel released its report, Matt Mountain recalled that, when he ar- 
rived at work, “there was this big black limousine parked in front of 
NOAO with these guys wearing heavy Washingtonian coats.” Project 
manager Larry Randall remembered this visit also. “They were saying, 
and it wasn’t even a thinly veiled threat, “We can shut this project 
down.’ They said that not only would they sue for breach of contract, 
but that they would kill the project.”*? 

For Corning, the mirror choice was more than a matter of money. 
Its reputation was at stake. There were rumors that one scientist on 
Houck’s panel had opined (off the record) that Corning’s menis- 
' cus mirror would be more suitable for a birdbath than a telescope. 
Corning’s mirror program manager complained, “We see ourselves as 
victims in this situation . . . We feel there is an attempt to violate and 
upset the competitive process.”** Corning executive Frank Kapper de- 
nounced the NSF for having “experts in the theoretical world of as- 
tronomy” but no mechanical or structural engineers on the reviewing 
committee. “Should [a] university, a publicly funded institution, com- 
pete,” he asked, “with privately funded businesses whose tax dollars ac- 
tually pay for the institution’s very existence?”** 

The damaging review of the mirror choice also sparked an emer- 
gency meeting of the Gemini board. Bob Bless recalled this was the 
emotional low point in his service to Gemini. Bless told the board of 
Bahcall’s belief, as stated in a recent letter to Malow and Kelly, that he 
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“could not imagine a strategy that will preserve U.S. congressional sup- 
port for the project if the Board does not endorse” Houck’s report.” 
For two days, the Gemini board agonized over the best step to take in a 
landscape littered with political landmines. Malow and Kelly would 
probably kill the project if Gemini rejected Houck’s findings outright. 
Switching mirrors would further undermine the project’s credibility 
and autonomy. The NSF feared a lawsuit from Corning if Gemini can- 
celed its contract. Switching mirrors could also attract attention from 
New York’s congressional delegation and “might affect the NSF in 
other [i.e. political] ways.”8° Meanwhile, Canada and the United King- 
dom refused to participate in Gemini if there was any hint of legal ac- 
tion from Corning. 

Emotions swung wildly throughout the two-day meeting as the Gem- 
ini board labored toward a solution that would not force it to switch 
mirrors or appear to reject Houck’s report to Congress. After Longair 
reminded his colleagues that the mirror selection had been made 
according to established procedures, the board crafted a judiciously 
worded response to Houck’s report. Welcoming its positive statements, 
it wisely avoided confronting specific criticisms of the mirror choice di- 
rectly and offered assurance that all technical issues would be ad- 
dressed in late 1993 at Gemini’s preliminary design review. If doubts 
persisted after the review, Gemini said it would adopt an Angel mirror 
for the telescope on Mauna Kea as long as it was demonstratively supe- 
rior.’ This maneuver bought Gemini several months to address the 
technical criticisms leveled against the meniscus mirror as the project 


wagered it could override both engineering and political oppaces 


William C. Harris, the NSF’s assistant director for leas ac and 
Physical Sciences, assured the Congressional staffers that his agency 
was satisfied with Gemini’s decision’s not to reverse course but to forge 
ahead until the project’s design review.** Harris’s support came at a 
critical time given earlier complaints from Gemini’s British and Cana- 
dian partners about the NSF's indecisive leadership. On March 1, 
Bahcall told Malow and Kelly he could not endorse Gemini’s decision 
to proceed with the Corning mirror until the design review. Harris 
again supported Gemini’s strategy, in which he expressed complete 
confidence. As Harris told Senator Mikulski, Gemini had strong sup- 
port from its international partners and was making “great strides.” 


Despite Malow’s misgivings, Harris’s support carried the day. Gemini 
remained alive.*? 
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The possibility that the board had salvaged a cooling-off period van- 
ished when Sky & Telescope hit the newsstands in late March. A lengthy 
article, “The Gemini Project: Twins in Trouble,” did not suggest which 
mirror was best but concluded that what Gemini needed was “first 
class equipment . . . [not] another Hubble-type fiasco.” Peter Boyce, 
the American Astronomical Society’s executive officer, warned col- 
leagues not to let their dispute become any more public lest the spec- 
ter of Hubble cast a pall over not just Gemini but the entire field. “If 
Gemini should be canceled,” he wrote, “it will be a long time before 
another astronomy project is funded.”! 

As Gemini readied itself for the upcoming design review, Matt 
Mountain came to believe that the controversy was not simply about 
mirrors. It was also about a clash of cultures. Scientists held two con- 
flicting views about the best way to build and use instruments that 
were increasingly complex and expensive. One of these was centered 
around the university and emphasized individualism, intuition, and 
a small-scale approach that gave greater authority and responsibility 
to the scientist. On the other hand, some scientists favored a profes- 
sional systems-oriented approach—what Bless called “space culture”— 
in which the focus was on deliberate top-down integration of the 
telescope’s various systems and project management. This was based 
on large-scale systems engineering, design review boards, and science 
committees that, for Gemini, would make management more trans- 
parent and accountable to the NSF and the project’s partners. 

Debates over Gemini’s future, Mountain decided, reflected this 
larger conflict between the entrepreneur/scientist based at a univer- 
sity and the corporate, team-oriented approach he learned while at 
the Royal Observatory, Edinburgh. “There are two approaches,” 
Mountain explained. “The strong principal investigator [PI] has a vi- 
sion and goes forward and builds the telescope. But when you are talk- 
ing about $100 million telescopes, that’s quite a lot for one person. 
Then there is the approach where you get a competent engineering 
and scientific team together to tackle the problem from a systems- 
wide view.” 

Gemini was not the only large astronomy project that faced these 
cultural differences. In the mid-1980s, similar conflicts emerged when 
the Keck Telescope project moved from astronomers’ hands to those 
of professional managers and engineers. In the estimation of Gerry 
Smith, Keck’s manager, astronomers were continually worrying about 
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a telescope’s final quality. Smith, however, was willing to compro- 
mise between the performance of the telescope and keeping cost and 
scheduling commitments. “The emphasis always is, from my point of 
view,” Smith said, “let’s get it done.” 

Angel, Bahcall, and members of Houck’s panel reflected a different 
culture in which the individual astronomer possessed great authority 
and autonomy. Scientists like Gunn and Huchra were extremely tal- 
ented, motivated, and entrepreneurial leaders who, even when work- 
ing on expensive instruments and extensive research projects, brought 
a personal vision to make it work. Mountain, to his surprise, believed 
this entrepreneurial model was still thriving at the national observa- 
tory when he joined Gemini and began to collaborate with NOAO 
staff. Gemini, Mountain argued, needed to adopt a more corporate 
culture and shed traits characteristic of NOAO’s older “four-meter 
mindset” if it was to survive.** 

Mountain’s view was shared by board members like Corbett and 
Bless who disliked Randall’s management of Gemini. In Bless’s view, 
NOAO had “gotten in the practice of acting like somebody who builds 
things in his basement” without enough attention to cost and schedule 
issues. “Telescopes are now extremely complicated systems,” Bless said, 
“which are much more akin to a complicated spacecraft than to build- 
ing Palomar.” Bless saw a mismatch between the traditional telescope- 
building culture Randall knew and the approach followed by NASA 
and the aerospace industry.® Randall’s specialized skills as a telescope 
engineer mattered more in the first model than in the second. The lat- 
ter favored attending to cost, schedule, and management, it was less 
important that Gemini was a telescope rather than a commifications 
satellite. 

Mountain and Wolff encouraged closer interaction between Gem- 
ini’s scientists and engineers as they prepared for their crucial review. 
Potential critics of the telescopes were also enlisted into the project’s 
advisory structure. AURA elected Frank Low to Gemini’s oversight 
committee and Jim Houck became a member of Gemini’s board. In 
this way, Gemini offered these scientists a genuine stake in the proj- 
ect’s success, thus neutralizing their dissent. Gemini’s staff also partici- 
pated in meetings of what became known as the 8-Meter Club, a group 


of scientists and engineers from Japan and Europe using meniscus 
mirrors who shared technical advice with Gemini. 
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Gemini adopted new tools and techniques to help prepare for its 
upcoming design review. Extensive modeling of the telescopes’ enclo- 
sures was done at the San Diego Supercomputing Center. Engineers 
augmented these studies with water tunnel tests to see how air currents 
would move over, through, and around the telescope to flush out 
warm air. Another tool Mountain and other Gemini staff relied on 
were “error budgets.” These allowed engineers to account, literally, for 
how each telescopes’ different subsystems affected its total perfor- 
mance. For example, one of the most critical specifications of Gemini 
was its final image quality. Its primary mirror was to focus 50 percent of 
infrared light (measured at 2.2 microns) into a small spot only 0.1 arc- 
second in size. This meant that when seeing quality in Hawaii or Chile 
was at its very best, atmospheric conditions, not the telescope, would 
determine the image quality Gemini produced. Performance gains in 
one area could be traded off to another so long as the final inaccuracy 
produced by the telescope stayed within the overall budget. A standard 
design tool for large telescopes like Keck and Gemini, error budgets 
and other tools reflected the project’s increased focus on comprehen- 
sive systems engineering and greater middle management. 

Robert Gehrz from the University of Minnesota chaired Gemini’s 
three-day preliminary design review in December 1993. Years earlier, 
Gehrz had led the committee that chose the design for the ill-fated 
NNTT project. Unlike the Houck committee, Gehrz’s nine-member 
panel included people like Jacques Beckers and Jerry Nelson who 
were at the cutting-edge of telescope design. Gehrz’s personal notes 
on the surprisingly uneventful three-day meeting ended with the state- 
ment, “There are no technical show stoppers.” 

A disappointed Angel told a local paper, “It was a committee basi- 
cally to sign off on a plan. . . . I don’t think anyone would call these 
solutions elegant or inexpensive.”*’ Houck was satisfied by Gemini’s 
demonstration of how it could successfully integrate Corning’s menis- 
cus mirrors into its design. Years later, Bahcall recognized that “not 
everything I thought initially about Gemini was right . . . Things I 
thought were not good ideas initially turned out to be good ideas, es- 
pecially regarding the choice of the mirror . . . |accepted technical ad- 
vice which turned out to be wrong.” 

Gemini’s review came at a bittersweet time for Bob Bless. While 
Gemini’s advocates successfully defended the project, hundreds of 
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miles above Tucson, astronauts were repairing the Hubble Space Tele- 
scope. Part of the daring mission required removing the High-Speed 
Photometer, the instrument to which Bless had devoted so many years 
of his career. When January arrived, however, astronomers had a reju- 
venated Hubble, and Gemini, for the first time in the project’s history, 
sailed into a new year with confidence and optimism. 


CHAPTER 8 


Joining the 8-Meter Club 


For many astronomers, views of the sky from the southern hemisphere 
are especially breathtaking. The Milky Way, often best observed from 
below the equator, was of particular interest to scientists studying stars 
and galaxies. Visible within the Milky Way is the Carina Nebula, the 
largest diffuse nebula in the sky and home to Eta Carinae, a powerful 
source of infrared radiation about eight thousand light years away. 
Slightly detached from the Milky Way are the Magellanic Clouds, two 
irregular galaxies near our own that appear as luminous wisps of ethe- 
real beauty in the night sky. 

American astronomers first visited Chile in October 1849. James M. 
Gilliss arrived in Santiago just as the austral spring was beginning. 
Gilliss, an American naval officer, was there to lead a scientific expe- 
dition financed by the United States government. Its goal was to use 
parallax measurements to calculate the distance between the earth 
and the sun.! They brought with them the largest telescope yet made 
in America—a refractor with a lens almost six and half inches in 
diameter. 

Besides his expedition’s scientific agenda, Gilliss hoped these expe- 
riences would make Chilean interest in astronomy “burn brightly” 
so that his expedition could “boast that Santiago through our influ- 
ence established the first national observatory in South America.” Bad 
weather and poor coordination with northern observatories limited 
the scientific accomplishments of Gillis’ trip. Nevertheless, his expedi- 
tion stirred Chilean interest in astronomy. Three students from the 
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University of Chile in Santiago assisted the expedition. Before Gilliss’s 
team made the long journey home, the entire observatory was turned 
over to the Chilean people. 

In 1960, telescopes in the southern hemisphere had only a fraction 
of the light-collecting power of those in the north. Within the next 
decade, three major new observatories were established by astrono- 
mers from the northern hemisphere. With NSF funding, AURA es- 
tablished the Cerro Tololo Inter-American Observatory in 1963 on a 
7,000 foot peak of the same name 45 miles southeast of the sleepy sea- 
side town of La Serena.” 

In the mid-1960s, American astronomers collaborated almost en- 
tirely with scientists and staff from the Universidad de Chile, the only 
Chilean institution with a prominent astronomy program. A few years 
later, Chile extended privileges to AURA similar to those enjoyed by 
United Nations staff. AURA established a gated compound for Cerro 
Tololo’s headquarters in La Serena high atop a rocky hill with a stun- 
ning view of the Pacific Ocean and the colonial-era town below. The 
community of Americans and Chileans formed a tightly knit group, 
and marriages between them were not uncommon. In the small town 
of La Serena or high atop Cerro Tololo, it was easy for scientists to im- 
merse themselves in their work. One visitor noted that the observatory 
resembled a frontier fort from an old western movie. “It’s a commu- 
nity that does nothing else but astronomy. It has its own culture and 
when you use it you temporarily join the culture.” 

Conditions in northern Chile were especially favorable to astron- 


coast, creating an inversion layer that minimizes atmosphég turbu- 
lence. Cerro Tololo is adjacent to the southern part of thé Atacama 
Desert, one of the world’s driest places, making it especially good for 
infrared research because water vapor absorbs infrared radiation. Dur- 
ing the austral summer, the night sky is typically crystal clear and famil- 
iar stars like Betelgeuse appear bright and steady. 

Telescopes sprouted on Cerro Tololo. By November 1967, a small 
Schmidt telescope for wide-field observing, a l-meter, and a 1.5-meter 
telescope had been installed. The observatory director was Victor M. 
Blanco, a Puerto Rican—born astronomer who later studied at the Uni- 
versity of Chicago. The completion of the 1.5-meter telescope marked 
Cerro Tololo’s official inauguration. That same year, the observatory’s 


omers. The cold Humboldt Current flows northward pe an 
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future appeared even brighter when Chilean President Eduardo Frei 
and Lyndon B. Johnson jointly announced that the NSF and the Ford 
Foundation would fund the largest telescope in the southern hemi- 
sphere, a 4-meter companion to the one already underway at Kitt 
Peak. 

Although Cerro Tololo was the best equipped observatory in Chile 
through the 1970s, other institutions began to take advantage of 
Chile’s excellent conditions for astronomy and build telescopes there. 
The Carnegie Institution of Washington, for example, established an 
observatory at Las Campanas located about 80 miles from Cerro 
Tololo. In 1962, the European Southern Observatory purchased the 
8,000-foot ridge of La Silla and surrounding land just south of Las 
Campanas and began the slow process of building several new tele- 
scopes. By 1977, European scientists could use a 3.6-meter telescope, 
its design reminiscent of the 200-inch on Palomar, along with other 
smaller telescopes. 

Unlike AURA, ESO was not an association of universities, but an or- 
ganization formed by European governments. While AURA found it 
natural to collaborate with the Universidad de Chile, ESO established 
its agreement directly with the Chilean government through an inter- 
national treaty.* These differences caused tensions. European astrono- 
mers had the rights accorded diplomats because ESO’s land was a 
small piece of Europe in Chile. Many American astronomers at Cerro 
Tololo compared their status in Chile to that of a guest in a host's 
house while ESO’s scientists displayed a more colonial attitude. Per- 
haps most offensive was that, while Chilean astronomers routinely re- 
ceived observing time on AURA’s telescopes, ESO did not extend a 
similar invitation to Chilean scientists until the 1990s. 

The construction of new observatories attracted many young Chil- 
eans to astronomy. Maria Teresa Ruiz was one such person. In the late 
1960s, she was a student at the Universidad de Chile. While earning 
the equivalent of an American bachelor’s degree, she took a course 
in astronomy from Claudio Anguita, director of the university’s as- 
tronomy program and an influential leader in Chilean academics. 
Anguita’s class intrigued Ruiz enough to encourage her to take an in- 
ternship at Cerro Tololo. She recalled being picked up at La Serena’s 
small airport by Victor Blanco, who drove her and other students to 
Cerro Tololo where they learned the basics of observational astron- 
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omy. Nights at Cerro Tololo’s small telescopes convinced Ruiz to be- 
come an astronomer.® 

In 1971, Ruiz left Chile and started graduate school at Princeton. 
This was a difficult time to leave Chile. A year earlier, Salvador Allende 
became Chile’s president after a close election. The country was soon 
embroiled in Allende’s socialist reform attempts and right-wing op- 
position. Allende’s election created difficulties for Cerro Tololo and 
American astronomers working there. Inflation and food shortages ap- 
peared and Victor Blanco warned his staff away from black-market 
profiteering while trying to ensure that Chilean employees at Cerro 
Tololo were especially well treated.°® 

At Princeton, Ruiz wrote her dissertation under the guidance of 
Martin Schwarzschild, a theoretician interested in stellar structure, 
star formation, and galaxy dynamics. She remained concerned about 
the deteriorating conditions in her country. In September 1973, Gen- 
eral Augusto Pinochet came to power in a brutal coup. Ruiz consid- 
ered returning to Chile, a trip Schwarzschild, himself a refugee from 
Nazi Germany, urged her not to take. 

By 1979, Ruiz felt the domestic situation was secure enough that she 
could return home, and she accepted a position at the Universidad de 
Chile. While she was in the United States, the world of astronomy had 
left Chile behind. Observing time available to Chilean astronomers at 
Cerro Tololo and Las Campanas went unused and the scientific infra- 
structure was degraded. Ruiz and other prominent Chilean astrono- 
mers spent the next decade rebuilding their country’s presence in as- 
tronomy. Much of their work was done at the Universidad de Chile 
although other schools such as the Pontificia Universidad ps de 
Chile (Catélica) began to develop astronomy programs as wéll. 

In August 1990, NOAO’s Sidney Wolff visited Chile on a fact-finding 
trip accompanied by Jay Gallagher, an astronomer and AURA repre- 
sentative. ESO’s new capabilities distressed and dazzled them. ESO 
had already commissioned its innovative New Technology Telescope 
(described in Chapter 6), which they found “extremely bold... There 
is no telescope like this in the U.S.” They also saw the rapid progress 
ESO was making on its Very Large Telescope project. This prompted 
Gallagher to note that “within the next decade, no single U.S. observa- 
tory will be fully competitive with ESO, Our community needs to un- 
derstand that the challenge is now on the international level”? 
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At Cerro Tololo, Gallagher and Wolff met with Claudio Anguita who 
was there for an observing run. Anguita was interested in seeing “a 
South American component” to the twin 8-meter telescope project 
AURA was pursuing and the three astronomers discussed the possibil- 
ity. Anguita, Gallagher told Oertel, “had already begun to work on 
some possibilities.” Oertel’s response, penciled in the report’s margin, 
was simply, “Jay: Outstanding!” 

The following year, Gemini needed to secure 10 percent of its 
funding because of Canada’s suddenly diminished participation. With 
Gemini’s board and the NSF struggling to keep the project afloat in 
the face of American opposition, the challenge of finding additional 
partners fell largely to Oertel and AURA.’ Oertel’s choice of partners 
was limited. European countries were already committed to ESO and 
the Very Large Telescope while Japan had its own national project un- 
derway. Most American institutions with strong astronomy programs 
were already involved in their own telescope projects and, as Leo Gold- 
berg had predicted years earlier, were not interested. AURA’s long and 
productive involvement at Cerro Tololo made Chile an attractive po- 
tential partner. 

Oertel enlisted Claudio Anguita, then the senior spokesperson for 
Chilean astronomy and well connected to Chilean politicians, as an 
ally. Anguita often attended AURA meetings, and in 1992, the Univer- 
sidad de Chile became AURA’s first international member. Another 
valuable contact was Harry G. Barnes, the U.S. ambassador to Chile 
from 1985 to 1988. Barnes earned the respect of Chileans by helping 
encourage a 1988 plebiscite in which Chile’s voters rejected Pinochet 
for a democratically elected president. While in Chile, Barnes met the 
current director of Cerro Tololo, Robert E. Williams. After his term as 
ambassador ended, Barnes accepted Oertel’s invitation to join AURA’s 
board. 

Barnes and Oertel marshaled arguments to entice Chile to join 
Gemini. One inducement was to emphasize how a new telescope proj- 
ect like Gemini would contribute to Chile’s economy. Oertel con- 
cluded that, for every Chilean dollar spent, nineteen non-Chilean 
dollars would come in via Cerro Tololo and Gemini. Without a new 
large telescope, Oertel believed Cerro Tololo would eventually cease 
being a viable scientific institution and become “outgunned by ESO 


and Carnegie.”° 
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In April 1992, Barnes used these arguments when he met with 
Edgardo Boenninger—Chile’s Minister to the Presidency (akin to a 
White House chief of staff)—at a posh hotel in Santiago, a rendezvous 
Anguita helped arrange. The discussion went well and, when their 
drinks were finished, Boenninger agreed to Chilean participation in 
Gemini. The actual agreement’s details would be handled by AURA 
with its longtime partner, the Universidad de Chile. The only bad news 
was that Boenninger would commit Chile to only 5 percent of Gem- 
ini—about $9 million. This still left 5 percent of Gemini’s funding 
unaccounted for but, as Oertel told the NSF, “we are tantalizingly 
close! ”!° 

In early 1992, Australian astronomers began to express an interest in 
Gemini as well."! Australian astronomers had a reputation for produc- 
ing excellent research and building diverse and innovative instrumen- 
tation. Australian astronomers, a community of about 250 people, 
were divided between purchasing a share of Gemini and spending 
much more to build their own telescope in Australia. Supporters of 
the latter view opposed buying into telescopes located overseas and 
said that a small share in Gemini would not meet their need for ob- 
serving time. Opponents of what some Australian scientists called “em- 
igrant astronomy” carried the day and Gemini ended 1992 still short 5 
percent.!* This news was demoralizing, coming as it did when the mir- 
ror controversy was growing in intensity. It also sent Oertel scrambling 
to meet the deadline set by Congress (and enforced by Dick Malow) 
for 50 percent foreign participation. 

Two other candidates emerged by the end of 1992. Argentina had 
several national astronomical facilities, including a 2.2-meter’ escope 
that served a community of about 200 astronomers. Brazil, it contrast, 
had less of a historical tradition in astronomy; but since 1970, its as- 
tronomy community had grown to several dozen scientists. For Argen- 
tina and Brazil, even a small share in Gemini represented an opportu- 
nity to participate in a major international science endeavor as well as 
a serious commitment of money. Some members of Gemini’s board 
were less optimistic and wondered whether having two extra partners 
was worth the logistical complications. 3 

Oertel and Malow continued to wrangle over Gemini’s looming 
deadline for setting foreign contributions. Negotiations with Argen- 
tina and Brazil were proceeding at a frustrating pace, and Oertel tired 
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of having to brief Malow on his progress. Faced with another deadline, 
AURA’s president gambled and told Malow that, if he really wanted 
Gemini to succeed, maybe he should get involved. “I think it was a 
turning point in our relationship,” Oertel recalled, “He said nothing 
but, not long after that, he was in South America.”"4 

In February 1993, Malow met with Claudio Anguita to see how they 
could encourage Chilean politicians to quickly sign the memorandum 
of understanding that formally indicated Chile’s participation in Gem- 
ini. Argentina and Brazil, spurred perhaps by Chile’s stake in Gemini 
and Malow’s and Oertel’s diplomacy, soon showed interest in contrib- 
uting 2.5 percent each to Gemini. Malow’s and Oertel’s efforts had 
paid off. By May 1993, all of these countries formally announced their 
participation in Gemini. 

The successful completion of the partnerships brought an unex- 
pected dividend. In Chile, as he later phrased it, Malow “caught the 
spirit of Gemini” and began to take a personal interest in the project. 
A few months later, at a Washington reception to honor Gemini’s new 
partners, Oertel asked whether the congressional staffer might like to 
join AURA. During 1993, Malow considered his career options. Oertel 
eventually made a surprise announcement on December 23, 1993: Af- 
ter two decades on Capitol Hill, Malow was going to become AURA’s 
new Special Assistant for International Relations. With the resolution 
of Gemini’s mirror controversy happening only a few weeks earlier, it 
seemed that Gemini’s fortunes had finally changed. 

Some scientists who remembered Malow’s opposition to projects 
like the Hubble Space Telescope joked that his new appointment was 
like the poacher minding the hen house, but Malow became a power- 
ful ally for Gemini and astronomy in general. Oertel recalled, for ex- 
ample, that as soon as he announced Malow’s new appointment, dif- 
ficulties AURA had had with the University of Hawaii in securing a site 
for Gemini on Mauna Kea disappeared.'® Malow went on to help se- 
cure Congressional exemption from American customs charges for 
Gemini’s various components built overseas. Another bill he champi- 
oned waived duties for international science projects in general.'” Per- 
haps Malow’s biggest contribution to Gemini came in 1996 and 1997 
when he helped negotiate a series of crises that arose regarding Chile’s 
continued participation in the project. 

Chile was poised to emerge as the real winner among Gemini’s new 
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partners. Chilean scientists realized that their clear night skies and am- 
ple observing time, like copper and oil, were a valuable resource. In 
addition to their 5 percent share of both Gemini telescopes, Chile 
would receive an additional 10 percent of observing time at Gemini 
South in exchange for providing an excellent site. The University of 
Hawaii negotiated a similar arrangement for Gemini North. As more 
observatories built telescopes in Chile, its small community of astrono- 
mers realized they might soon have something northern astronomers 
could only dream about—too much telescope time. The availability of 
so much telescope time could help propel Chile to the major leagues 
of international astronomy. Before this could happen, however, Chil- 
eans needed to resolve internal tensions about how this resource 
would be divided and what privileges the government should extend 
to foreign scientists and their institutions. 

Chile joined Gemini in 1993 under conditions that later created 
problems as the project matured. Chile’s entry into Gemini was han- 
dled largely by a small circle of Chilean politicians who did not for- 
mally consult with its astronomy community. This prompted some 
Chilean scientists to believe Gemini had been thrust upon them. To 
make matters worse, when a new administration took power in San- 
tiago in 1994, it was less concerned with Chile’s commitment to 
Gemini. 

AURA’s original negotiations with Chile regarding Gemini were 
with the Universidad de Chile, not with the Chile’s equivalent of the 
NSF (the Comisién Nacional de Investigacion Cientifica y Tecnologica 
or CONICYT). Chilean scientists not based at the national univer- 
sity felt disenfranchised, a problem exacerbated by the y ten: 
poor relations between astronomers at the Universidad de Chile and 
the other schools. Many Chilean astronomers believed Gemini should 
benefit all Chilean scientists “regardless of home institutions.”!8 They 
also resented that Chilean’s share of observing time on Cerro Tololo’s 
older telescopes was available only to scientists from the Universidad 
de Chile with whom AURA had made its original agreement 30 years 
earlier. Oertel and the Gemini board were sympathetic to these issues. 
Chile’s participation in Gemini was both as a host country and as a 
paying partner; the latter, Oertel believed, meant that Gemini should 
be available to all Chilean scientists. On the other hand, any disputes 
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about access to telescopes, Oertel concluded, was a matter for Chil- 
eans, not AURA, to resolve.!9 

Disagreements festered among Chilean scientists and their govern- 
ment about access to all the telescopes managed by AURA. Tensions 
were further heightened by simultaneous disagreements with ESO. 
Riccardo Giacconi, ESO’s director, admitted that Chilean perceptions 
of ESO were as if the European scientists had come “from outer space 

. . not talking to the natives much.””° Such paternalistic attitudes, 
formed in the 1960s when Chile’s role in astronomical research was 
limited, no longer matched the reality of Chile’s evolving participation 
in international astronomical research. 

Gemini faced its own mounting set of problems in Chile. Supporters 
of Catolica in Chile’s legislature blocked laws to free up their country’s 
financial contributions to Gemini. By 1997, Chile was three years be- 
hind on its payments (about $3.6 million). Malow, along with Barnes 
and Van Citters, traveled to Chile several times to negotiate settlement 
of the outstanding debt to Gemini.?! 

In December 1996, the situation appeared more serious. Malow 
and Van Citters heard rumors that the Chilean legislature was consid- 
ering a bill, referred to as the Gemini Law, that would release Chile’s 
contribution to Gemini. One version under consideration, however, 
would limit all astronomers associated with AURA—this included staff 
at Gemini as well as Cerro Tololo—to “second-class ‘citizen’ status 
without the standing privileges enjoyed by ESO.”2 These problems, 
unlike the earlier mirror controversy, did not directly affect Gemini’s 
existence, but financial shortfalls caused by Chile’s failure to pay its 
share threatened to delay the project, which was already under tight 
budgetary constraints. Gemini objected to the proposed new law on 
principle as well. If passed, scientists, engineers, and other people 
working for Gemini would have fewer privileges than astronomers 
from ESO.?! 

By May 1997, Chile still had not met its financial obligations to Gem- 
ini. Persistent rumors that the onerous Gemini Law might pass were 
the last straw for Gemini’s board. Robert Gehrz, the Board’s chair, ad- 
vised Chile’s science agency that its role in the project was reduced to 
that of “host country.” Chile would still receive 10 percent of time on 
Gemini South in exchange for providing the site, but Chile was no 
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longer a full partner. The situation embarrassed some of Chile’s politi- 
cians as their country was defaulting on an international agreement 
and proposing a law that would surely offend AURA, an organization 
with which Chile had a history of excellent relations. 

Chilean astronomers, by and large, greeted this news with relief, 
however. Some saw their participation in Gemini as a mixed blessing 
and criticized their government for not involving them in the original 
decision. Chilean scientists believed they already had access to as many 
telescopes as they needed. Despite the wealth of observing time, no 
Chilean university offered a Ph.D. program in astronomy. Scientists 
who favored building up Chile’s scientific and educational infrastruc- 
ture worried that their financial obligation to pay Gemini’s annual op- 
erating costs (which typically amounted to about 10 percent of what 
each partner paid originally in construction costs) might strangle Chil- 
ean astronomy for decades to come. As one prominent Chilean scien- 
tist noted, his country spent only about $1 million annually on all as- 
tronomical research, and “$700,000 [in annual operations costs] is a 
lot of money to pay for the privilege of being a partner.”*4 

To keep their options open, the Gemini board gave Chile the 
chance to rejoin the project if it made its financial contribution by 
September | and passed the Gemini Law without the objectionable 
provisions. Meanwhile, Gemini’s board asked the NSF to begin for- 
mally seeking other partners to pick up Chile’s 5 percent share. Aus- 
tralian astronomers quickly expressed interest as their earlier plans to 
build another big telescope in Australia had fallen flat. 

Negotiations with Chile went down to the wire. On July 31, 1997, 
embassy representatives from Argentina, Brazil, Canada, nd tines 
and the United States made a joint appeal to the Chilean gdvernment 
on behalf of Gemini. Three weeks later, Chile’s president signed the 
Gemini Law without the objectionable terms. On August 31, with only 
minutes to spare, the NSF received notice that Chile had transferred 
its contribution to Gemini’s bank account, making Chile a full partner 
in the twin telescopes once again. 

Gemini and the NSF were still interested in adding Australia to the 
Gemini partnership as well. Just because Chile’s participation was now 
assured was no reason, as Van Citters noted, for the Australians to 
spend their money on someone else’s big telescope.” Gemini’s part- 
ners were also concerned that, while the project’s funds might allow 
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two telescopes to be built, there might not be enough money to oper- 
ate them as cutting-edge research facilities. Astronomers realized that 
the scientific instruments for new telescopes like Gemini were going to 
be much more complex and expensive than they had expected. Aus- 
tralia’s contribution offered Gemini several advantages: the expertise 
of a well-established astronomy community, a way to hedge against 
any budget shortfall, and additional funds with which to build instru- 
ments. 

As they weighed the benefits of admitting Australia, science manag- 
ers like Ian Corbett and Wayne Van Citters had to consider broader is- 
sues of science policy. Unlike Corbett’s British science agency, the 
NSF’s budget was appropriated by Congress on a yearly cycle. This 
forced Van Citters to balance his long-term policy goals with short- 
term political considerations. If Gemini were to encounter budget 
problems, Congress could blast the NSF for not taking Australia’s of- 
fer. Corbett replied that “Australia, with their five percent, could po- 
tentially contribute more . . . than the South American 10 percent.” 
Corbett also noted that the physics and space science communities 
had realized the benefits of broad international cooperation long ago, 
something he believed optical astronomers needed to embrace more 
enthusiastically. Throughout these debates (and indeed all of Gem- 
ini’s negotiations), Van Citters remained frustrated by his “immersion 
in an agency whose approach is defensive and tactical, swaying with 
each political zephyr . . . when we should lay the groundwork for dec- 
ades ahead.”?’ 

In November 1996, after considerable indecision on the NSF’s part, 
Gemini offered Australia a formal invitation.** Australian astronomers 
were delighted when their research council formally accepted it and 
joined Gemini. Their $9 million contribution, with close to $1 million 
more for annual operations to follow once the telescopes were built, 
was one of the country’s largest investments in any research facility 
and gave Gemini more power to “enhance the scientific productivity 
of the telescopes.”?° 

The South American countries brought into Gemini an interna- 
tional mélange of scientists, many of whom had relatively little experi- 
ence working together. With the addition of Australia, Gemini became 
a far-flung scientific undertaking that spanned two hemispheres, four 
continents, and over a dozen time zones. Ultimately, the partnership 
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held together, but the final roster of participants in Gemini was not a 
reflection of some master strategy. Instead, it was an ad-hoc collection 
of countries drawn together by prevailing political and financial cir- 


cumstances. 


Building “Hyper-Telescopes” 


As Gemini and other large telescopes neared completion, astrono- 
mers’ conception of the telescope as a research tool continued to shift 
in new and sometimes radical directions. At telescope conferences in 
the 1960s and 1970s, astronomers and engineers had discussed the 
telescope as a collection of individual parts—mirrors, gears, domes, 
drives. Astronomers and engineers at that time did think about how 
these parts interacted, yet their conception of an observatory as a ho- 
listic system was relatively limited and constrained by the computer- 
modeling tools then available. When new telescopes became opera- 
tional in the 1990s, astronomers considered how they might use them 
while responding to prevailing weather conditions, the availability of 
scientific instruments, and their own research goals to achieve greater 
efficiency and productivity. 

In 1971, at a telescope conference, one scientist expressed his con- 
cern that a large telescope might become just a “big computer with 
a large optical analog-input at its periphery.”*° A quarter-century later, 
this was precisely how new observatories like Gemini were frequently 
described—the first link in a data-gathering and analysis system.®! 
Gemini would differ from “most current observatories, in which many 
of the main observatory components are essentially ding sees 
Instead, Gemini staff wrote, “the entire assembly, from the external en- 
closure to the primary mirror cell down to the instruments will func- 
tion as an integrated system” with each part contributing to the quality 
of the light when it arrived the telescope’s detector.22 

Astronomers’ traditional concept of an “observatory” came to em- 
brace a panoply of interdependent elements—the telescope’s enclo- 
sure, Instruments, mirror supports and control systems, data archives, 
and electronic linkages for remote observing. Tying together Gemini’s 
myriad systems were miles of cables and fibers at each telescope. Fur- 
ther complexity was added by the intimate integration of new tools, 
such as videoconferencing and Internet access, that would allow as- 
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tronomers to monitor the telescopes and participate in data collection 
remotely. Even local weather conditions on Mauna Kea and Cerro 
Pachon constituted part of the “observatory system.” To optimize the 
thermal control of Gemini’s thin primary mirror, for example, engi- 
neers needed to keep it close to the predicted temperature of the 
night air. To do so, Gemini staff needed extensive and accurate infor- 
mation on how the weather on the mountains varied seasonally as well 
as a system for predicting nighttime observing conditions from real- 
time meteorological data. Ultimately, what astronomers and engineers 
created was a “hyper-telescope.” 

Compared to the political and financial obstacles that Gemini and 
its precursors encountered, the actual building of the Gemini Obser- 
vatory proceeded smoothly. Until 1994, Gemini consisted primarily of 
blueprints and technical reports and was the subject of negotiations 
and compromises between astronomers, engineers, political support- 
ers, and patrons. After Gemini passed its preliminary design review in 
December 1993, two new telescopes gradually began to take shape on 
the summits of Mauna Kea and Cerro Pachon. 

Gemini’s design, meanwhile, continued to evolve in ways that re- 
flected the project’s funding constraints and schedule as well as the re- 
search that astronomers anticipated they would do. Two of the most 
noticeable changes occurred before 1995. Early models of Gemini 
showed two large platforms located to either side of the primary mir- 
ror. These locations are the telescope’s Nasmyth foci (named after the 
nineteenth-century Scottish engineer who developed the concept). 
Light, after being reflected up from the primary mirror to the second- 
ary mirror and back down again, can be directed to a Nasmyth focus 
by a third mirror located just above the primary. These platforms offer 
a stable location for heavy instruments that process and record the 
light collected. Other large telescope designs, such as Keck, Subaru, 
and the Very Large Telescope, included instruments at their Nasmyth 
foci. None of these projects also had Gemini’s stringent requirements 
for infrared optimization and high-resolution images. 

After months of design analyses, Gemini’s engineers and astrono- 
mers departed from the conventional approach to the design of large 
telescopes by eliminating the Nasmyth platforms.*® This permitted en- 
gineers to raise the primary mirror slightly until it was flush with the 
mirror support structure. Engineers predicted that removing tons of 
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heat-emitting metal around the primary mirror would improve overall 
image quality while the elevated mirror position would enable better 
air flow over it. 

One scientist who helped develop and refine this vision of how 
Gemini might outperform other telescopes was Frederick C. Gillett. 
Born in 1937, Gillett attended graduate school at the University of 
Minnesota where he studied with Edward P. Ney, an early pioneer in 
infrared astronomy. Like many people interested in infrared astron- 
omy at that time, he earned a Ph.D. in physics rather than astron- 
omy. After graduation, Gillett collaborated with Frank Low and used 
Low’s new bolometers and dewars to build an innovative spectrome- 
ter that measured radiation in the thermal infrared from about 8 to 
13 microns. Stray heat pollution from the telescope and the chal- 
lenge of tweaking detectors to work properly made this wavelength re- 
gion an especially challenging research area. Gillett spent long nights 
at the telescope configuring instruments and collecting data. This 
experience honed his sense of what an infrared-optimized telescope 
required. 

In 1973, Gillett took a position at Kitt Peak where he helped build 
user-friendly instruments and became one of the key advocates for 
the development of infrared detector arrays. Gillett also was a key 
participant in NASA’s Infrared Astronomical Satellite, which became 
one of the landmarks of modern infrared astronomy. After the satel- 
lite’s launch in 1983, Gillett noticed an anomaly in calibration data 
coming back from its observations of the white-hot star Vega 25 light- 
years away from earth in the constellation Lyra. Eventually, Gillett and 
other scientists concluded that Vega must be surrounded by a massive 
circumstellar shell of dust grains.*4 This discovery provided the first di- 
rect evidence for the presence of matter around a star from which the 
formation of extrasolar planets might occur. The normally low-key 
Gillett found himself appearing on television talk shows with luminar- 
ies such as Carl Sagan and astronaut Sally Ride. Sagan used the prem- 
ise of alien signals emanating from Vega as the basis for his 1985 novel 
Contact. NASA, meanwhile, persuaded Gillett to come to Washington 
and oversee some of its other infrared projects. 

Gillett returned to Tucson as one of the world’s most respected 
infrared astronomers and eventually joined Gemini as its associate 
project scientist. In 1991, he led a committee that defined how to cus- 
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tomize an 8-meter telescope for infrared research. He also chaired 
Bahcall’s panel on infrared astronomy for the decadal survey. Gillett’s 
association with Gemini reassured people like Low and Bahcall that 
the project would stay true to its emphasis on infrared optimization. As 
Sidney Wolff recalled, when it came to improving and predicting the 
performance of Gemini, “Fred kept us honest.” 

Gillett helped oversee a second and much more controversial 
change to the telescopes’ design. Gemini initially planned for the tele- 
scopes to have interchangeable top ends that could hold different sec- 
ondary mirrors. One would be a small convex mirror, about 1 meter in 
diameter, that was light enough so that electromechanical actuators 
could nudge it in three dimensions up a few hundred times a second. 
Astronomers would use this mirror to subtract the sky’s thermal back- 
ground, an adjustment necessary for infrared observing. Another sec- 
ondary mirror, twice as large and weighing much more, would enable 
astronomers to image a much wider field of view than they could with 
the small, infrared secondary. 

Members of Gemini’s science committee were divided about 
whether to retain the telescopes’ wide-field capability. Canadian as- 
tronomers, eager to add to the reputation they established at the Ca- 
nadian-France-Hawaii Telescope on Mauna Kea for producing excep- 
tionally sharp images, favored the single small secondary mirror. Many 
in the British community, however, saw wide-field astronomy as a par- 
ticular strength and wanted both secondaries. Ultimately, the Gemini 
Science Committee voted to postpone the wide-field secondary mirror 
in Gemini’s initial configuration. Richard Ellis, a British astronomer 
on Gemini’s Science Committee, was disappointed by the news. “Gem- 
ini’s wide-field capability was going to be different from Keck. I had 
gone up on a pedestal many times and said, “This is what we’re going 
to buy. Give us the money.’ One of the big pillars I had been selling to 
the British science community disappeared.”*¢ 

Gemini’s choice of a small and relatively lightweight secondary mir- 
ror rippled through other areas of the telescopes’ design as well. The 
secondary mirror could be held in place by two criss-crossing steel 
vanes only 10 millimeters thick. This reduced the scattering of star- 
light and the emission of undesirable thermal radiation. If a tele- 
scope like Keck represented a Harley-Davidson with a big-block en- 
gine, Gemini, seen in Figure 10, was analogous to a fast and nimble 
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Figure 10. Gemini’s streamlined final design with instruments at Nasmyth 
foci removed and infrared-optimized secondary mirror system shown. The 


entire telescope is over seven stories tall. Courtesy of Gemini Observatory/ 
NOAO/AURA/NSF. 
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sport bike. While these design changes reduced Gemini’s science ca- 
pabilities, they also encouraged the project to focus on specific science 
goals such as excellent image quality and infrared optimization. The 
project estimated, moreover, that eliminating the Nasmyth platforms 
and postponing the wide-field option would save as much as $24 mil- 
lion.*7 

Gemini’s management strategy evolved with the telescopes’ design. 
During the mirror controversy, the project began to exhibit more of 
the corporate culture that people like Matt Mountain insisted was nec- 
essary for Gemini’s success. In mid-1993, the Gemini Board decided 
not to renew Larry Randall’s contract as project manager. By all ac- 
counts, Randall had faced an uphill battle as Gemini’s manager. His 
tenure coincided with the project’s most contentious period, making 
it difficult for him to develop a strategic approach to Gemini. Reflect- 
ing its continuing emphasis on comprehensive systems engineering, 
Gemini's board pushed the project to hire more people with experi- 
ence in this area. 

Richard J. Kurz joined Gemini in late 1993 as its project manager. 
Kurz began his career as a high-energy physicist but, since 1972, had 
worked for TRW on a variety of NASA and classified projects. Kurz 
combined his talents with Jacobus (Jim) Oschmann, who the project 
hired as a systems engineer at the insistence of Gemini’s board the pre- 
vious year. Like Kurz, Oschmann had previously developed and man- 
aged laser and optical systems for defense-related projects costing tens 
of millions of dollars. A large part of his new job was to coordinate 
the efforts of the different engineering groups and to ensure that the 
systems they developed worked harmoniously. When Kurz left Gemini 
in 1998 for a position with ESO, Oschmann took over as project 
manager. 

Neither Kurz nor Oschmann were astronomers or telescope engi- 
neers; they were also not fazed by Gemini’s cost and scale. Their hiring 
reflected Gemini’s belief that the project was first and foremost a com- 
plex technical undertaking that needed experienced managers. That 
Gemini was a pair of telescopes was seen as somewhat less relevant. 
“The project realized that they needed a manager at the center who is 
organizing and watching things,” Kurz recalled, “It might just be a dis- 
traction if the person were an astronomer.”* 

The biggest change in the twin telescopes’ management came in 
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October 1994 when Matt Mountain replaced Sidney Wolff as Gemini’s 
director. He took this position at a relatively young age. John Huchra, 
who chaired the search committee that selected Mountain, recalled 
that the 38-year-old British astronomer brought “a real appreciation of 
management” that, combined with his infrared experience, was the 
“winning plate.” Mountain’s hiring severed the last line of control 
NOAO had over Gemini. As the observatory’s two telescopes were 
built, the center of Gemini’s operations shifted from Tucson to Hilo, 
Hawaii, where its new headquarters would be located. After becoming 
director, Mountain noticed that some NOAO staff resented “having 
their big toy taken away from them,” a point made, he said, at social 
gatherings when they would “poke me in the chest and complain bit- 
terly about it.”*° 

These changes pleased the harshest critics of the project’s manage- 
ment. By 1995, even Corbett noted that AURA’s performance was con- 
sistently “good with a tendency toward very good.”*! With Mountain’s 
hiring as Gemini’s director, Gillett was appointed project scientist. To- 
gether Mountain, Gillett, Oschmann, and Kurz led Gemini from its 
construction phase toward its dedication. In October 1994, Gemini’s 
advocates participated in two separate groundbreaking ceremonies on 
Mauna Kea and Cerro Pachon. They also celebrated Corning’s suc- 
cessful casting of Gemini’s first mirror, an important and symbolic 
milestone. 

Corning made its specialty mirrors at its plant in Canton, New York, 
near the Adirondacks State Park. It took months for Corning to deliver 
over fifty tons of its proprietary low-expansion glass to the, Canton 
plant. Round boules of glass, a meter and a half in ea ee were 
heated in a special furnace to over 1,700° C and fused together. After 
sawing them into hexagons, technicians placed forty-two of them in a 
rough circle. The glass was heated a second time to fuse these pieces 
into a flat monolithic disk, 8.1 meters in diameter but only 30 centime- 
ters thick. After grinding both sides of the blank and etching it with 
acid to remove surface flaws, the glass was heated a third time in the 
furnace until it gradually sagged over a mold and took its final menis- 
cus shape. Corning’s entire process—from raw glass to a finished 
mirror blank—took about two years. In October 1995, the company 
announced the successful completion of Gemini’s first blank and fin- 
ished the second even faster. 
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After Corning successfully made the mirror blanks, they were care- 
fully shipped overseas in specially designed containers to REOSC, an 
optics company located in St. Pierre du Perray south of Paris, to be 
polished. The company was well acquainted with polishing thin menis- 
cus mirrors like Gemini’s, having done four for ESO and one for Ja- 
pan’s Subaru project. 

In January 1998, REOSC announced that the first Gemini mirror 
was complete; it finished the second 11 months later. A press release 
boasted that they were some of the best optics ever made. If the mir- 
ror’s area were expanded to the size of the United States, for example, 
any bumps on its surface would be less than a few inches high. REOSC 
repackaged the 24ton pieces of glass and they made their way to Ha- 
waii and Chile. 

Progress on Gemini’s mirrors was perhaps the most closely followed 
sign of the project’s transition from planning to reality. At the same 
time, major construction was also proceeding on the mountain tops in 
Chile and Hawaii. Even though Gemini was a tool for advanced astro- 
nomical research, much of its construction more closely resembled 
that of a massive apartment complex. Dozens of steel components had 
to be designed, worked into shape, and assembled to form the tele- 
scope support structures. 

By late 1998, most of Gemini North’s staff had moved into their new 
operations center in Hilo. This would serve as the observatory’s nerve 
center and a hub for the communications network tying the two tele- 
scopes together. At this time, Gemini’s enclosure on Mauna Kea was 
near completion and the telescope structure was finished. Workers 
tested its movement with a 23-ton dummy mirror while the real one 
received its first coat of aluminum (see Figure 11). The observatory’s 
plans for silver-coated mirrors were delayed as technical problems 
were worked out. Some of the project’s engineers and technicians re- 
located to Chile temporarily where they continued their work on Gem- 
ini South. The project’s master schedule called for it to be finished 
about two years after Gemini North. 

As the date for Gemini North’s first light approached, technicians 
and engineers struggled to resolve a steady stream of technical prob- 
lems. Managers like Kurz and Oschmann deployed organizational 
tools learned while working on aerospace projects. Engineers had to 
combine different and complex systems to a new degree of precision 
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Figure 11. Gemini North’s 8.1-meter primary mirror after receiving its first 
aluminum coating. Courtesy of Gemini Observatory/NOAO/AURA/NSE. 


to achieve the performance astronomers expected. As Kurz noted, sys- 
tems engineering and the tools he and other managers used to imple- 
ment it were “the glue that held the project together.”# 

As they built Gemini, its managers and engineers needed to under- 
stand how the telescopes’ different systems would interact and find 
ways to organize this information in a readily available formé@t. The 
project prepared hundreds of interface control documents. Each de- 
tailed how two different telescope components came together. This 
could be as simple as the pattern of bolts physically connecting two 
parts or as complex as communication links between two computer 
systems. For example, when the telescope moved to point at different 
places in the night sky, gravity deformed the primary mirror in distinct 
but predictable ways. The mirror’s position and shape needed to be 
monitored and coordinated with the system that pointed the telescope 
so the actuators supporting the mirror knew what force to apply to the 
mirror to maintain its shape. These documents were especially impor- 
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tant for a project like Gemini whose diverse systems were built in dif- 
ferent countries and then transported to Hawaii or Chile to be inte- 
grated into the final telescope. 

The concept of tracking the behavior of interconnected telescope 
systems was not new to Gemini. What distinguished it from earlier and 
smaller telescope projects was the comprehensive and systematic man- 
ner in which Gemini’s managers codified and organized information. 
Without adequate control over mechanical, optical, and computer 
components through systems engineering, the project would court 
lengthy delays, if not chaos, when technicians combined the observa- 
tory’s different subsystems. Extensive technical documentation, sub- 
committee reports, and videoconference sessions all became part of 
what historian Alfred Chandler referred to as the “visible hand” of 
middle management.* 

Emphasis on middle management was something many high-energy 
physicists such as Berkeley’s Luis Alvarez had embraced 30 years ear- 
lier. Building bigger bubble chambers and handling their massive data 
streams required physicists, as Alvarez said, to put on their “engineer- 
ing hats” and make the sometimes painful transition from crafting in- 
struments to a more corporate style of instrument building.** With 
_ projects like Gemini, optical astronomers followed a similar path. 


Gemini’s Science Instruments 


Astronomers played pivotal roles in selling the new generation of large 
telescope projects to their colleagues and funding sources. Once 
approved and under construction, their scale and complexity often 
overwhelmed the contributions individual astronomers could make to 
them. Defining and building the science instruments for telescopes 
like Gemini was a notable exception to this truism and, in this realm, 
astronomers maintained a prominent role. 

The size and design of the telescope determines how accurately it 
can track, how much light it can gather, and so on, while the tele- 
scope’s instruments determine what happens with all the photons it 
collects. In other words, the instruments define the telescope’s ability 
to do research and make new discoveries. When the 200-inch tele- 
scope dominated the astronomical landscape, some of its most impor- 
tant tools were designed by a single astronomer and built in Mount 
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Wilson’s Optical Shop. The scientist himself could transport the in- 
strument to the telescope in the backseat of a car and often make it 
work in a short period of time. Even in the 1970s and into the 1980s, 
some of astronomy’s most innovative instruments were designed, built, 
and debugged by small groups of people. 

Observing time on telescopes like Gemini was expected to be too 
expensive and its associated systems too complex to allow users to 
hitch on their own instruments. Instead, like those on Hubble, Gem- 
ini’s science instruments were what astronomers called “facility instru- 
ments.” These were considered an integral part of the overall tele- 
scope system and designed to conform with the telescopes’ focal 
length and field of view. Another fundamental design requirement was 
that the instruments for Gemini be as reliable and straightforward as 
possible because, once in place, all scientists granted time on Gemini 
would use them to collect data. Gemini’s long-term plans called for 
eleven facility-class science tools, each costing around $8-10 million 
and roughly the size and weight of a grand piano. Designing and 
building them required more than the skills the average astronomer 
and a few graduate students could muster. Specialists in computer soft- 
ware, lasers, cryogenics, and optics might be necessary, along with an 
ever-present manager to monitor the budget and schedule. 

There were constraints on the instrument program as well. The bud- 
get for Gemini’s first generation of instruments was only about $17 
million, an amount that Mountain and others soon realized was inade- 
quate to build the suite of complex devices the observatory needed. 
Scientists from all of Gemini’s partner countries anticipated helping 
build the instruments. As a result, Gemini’s board was eager t@see an 
equitable distribution of work among their countries’ universifies and 
observatories. 

Astronomers planned two basic types of instruments for Gemini: 
imagers and spectrographs. While optimized for infrared observing, 
astronomers still planned to use Gemini to observe and take spectra in 
visible light, and about half of the instruments originally planned for 
Gemini’s two telescopes could be used to some degree at optical wave- 
lengths. Gemini’s proposed instruments covered a factor of 60 in 
wavelength—from violet light (about 0.4 microns) through the near- 


infrared region (1 to 5 microns) to the mid-infrared regime of 5 to 25 
microns. 
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Gemini’s instruments took advantage of the tremendous experience 
engineers had gained in building bigger CCD and infrared arrays. 
This increased capability was especially profound for infrared viewing. 
A typical (civilian) infrared array in 1985 had about 900 pixels. A dec- 
ade later, astronomers routinely designed instruments with infrared 
arrays boasting a million or more pixels. Improvements in signal qual- 
ity and sensitivity were just as dramatic, thanks largely to investments 
NASA had made in detector technologies.*® 

To hold Gemini’s massive instruments, each telescope had an in- 
strument support structure at its Cassegrain focus underneath the pri- 
mary mirror. Resembling a giant plus sign, the structure was large 
enough to fit several people inside. Gemini’s engineers designed it to 

support up to five different instruments, each weighing a few thou- 
sand pounds. Each telescope had an acquisition and guiding unit 
along with calibration and adaptive optics instruments. Light reflected 
from the primary mirror up to the secondary mirror and then back 
down through the hole in the primary mirror. There it met a tertiary 
mirror at the Cassegrain focus that directed starlight to one of the in- 
struments. By moving this tertiary mirror, astronomers could switch 
the beam of light rapidly from one instrument to another without los- 
-ing valuable observing time. 

Because Gemini’s telescopes were practically identical, astronomers 
' planned that its instruments could be shuttled between Hawaii and 
Chile for different observing semesters. Gemini’s science plan, how- 
ever, did call for one instrument to be duplicated so both the southern 
and north hemisphere would have one. This was the Gemini Multi-Ob- 
ject Spectrograph (GMOS). 

Since the 1970s, astronomers had looked forward to taking dozens 
of spectra simultaneously using large telescopes, and all plans for new 
telescopes included some type of instrument to accomplish this goal. 
Some astronomers, for example, hoped to use GMOS to extend earlier 
surveys measuring the redshifts of distant galaxies in order to map the 
large-scale structure of the universe. Others wanted the capability to 
study nearby dwarf galaxies in the Local Group (the cluster of over 30 
galaxies about three million light years in diameter that contains the 
Milky Way) to learn more about overall galaxy formation.” 

GMOS was designed to take spectra using visible light. More spe- 
cifically, the GMOS for Mauna Kea would be optimized for red light 
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while its twin in Chile would be enhanced for detecting and recording 
blue light. Taken together, the two GMOS instruments could analyze 
light from the near ultraviolet through the visible and out to the begin- 
ning of the infrared, making them extremely powerful and versatile. 
Their capability was enhanced further because GMOS could also pro- 
duce images in addition to spectra. 

To take hundreds of simultaneous spectra, engineers and astrono- 
mers designed GMOS to use “aperture masks.” Their purpose was ele- 
gant and simple. After an astronomer had studied star charts and iden- 
tified targets of interest in the patch of sky he or she was studying, the 
coordinates would be sent to the observatory. A machine tool would 
then use a laser to cut thin slits of the right size and position in a car- 
bon-fiber sheet. The slits would match up perfectly with the objects in 
the sky. Once light was collected by Gemini’s primary mirror and re- 
layed to GMOS, it passed through the aperture mask and an assort- 
ment of wave front sensors, filters, and other optical devices. Finally, 
the spectra were recorded by an array of three CCD detectors, each 
having more than eight million pixels. Masks for several different sci- 
entists’ observing programs could be stored in a jukebox-style changer 
and inserted into the instrument as needed. 

Building instruments like GMOS required the effort and resources 
of the same order of magnitude as astronomers needed 25 years ear- 
lier to build an entire telescope. GMOS, for example, was designed 
and assembled as an international collaboration between three differ- 
ent institutions. The Royal Observatory, Edinburgh, and the Univer- 
sity of Durham designed the major components for GMOS. Canada’s 
Dominion Astrophysical Observatory made the optical assembly and 
the instrument’s wave front sensors. Once these parts were finished, 
they were shipped to scientists and engineers at ROE, where they were 
integrated and tested before being put into several crates and sent off 
to Hawaii and Chile. At the project’s peak, some twenty people were 
designing and building the two GMOS units and their final cost ap- 
proached $10 million. 

GMOS was one of Gemini’s more successful instrument projects. 
Others did not fare so well. Astronomers hoped to take advantage of 
another spectrograph on Gemini called the Gemini North Near-Infra- 
red Spectrograph (GNIRS), which was optimized for high-resolution 
use in the near infrared region of 1 to 5 microns. NOAO successfully 
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competed to build this spectrograph, but its completion was seriously 
delayed by schedule and technical difficulties. 

When work resumed on the spectrograph after a lengthy manage- 
ment review, its cost was estimated at more than $4 million with a deliv- 
ery date years later than hoped. Many at Gemini, including Mountain, 
saw NOAO’s failure with GNIRS as another sign that the national 
observatory was still stuck in an outdated “four-meter mindset” that 
eschewed the more rigorous management they believed necessary to 
produce the new generation of large telescopes successfully.** Addi- 
tional problems befell another one of Gemini’s workhorse instruments, 
an infrared imager for Gemini North called NIRI. The NSF gave the 
contract for this instrument to the University of Hawaii as part of the 
negotiations for access to Mauna Kea. When the imager finally arrived 
at Gemini North for integration into the telescope, Gemini staff found 
that it needed months of redesign work, a process Jean-René Roy, 
the associate director in charge of Gemini North, found “extremely 
painful.”*° 

After the declassification of adaptive optics in 1991, many astrono- 
mers and engineers worked at a frantic pace to understand how the 
technique (especially the use of artificial laser-guide stars developed at 
- places like the Starfire Optical Range) could contribute to their re- 
search. Indeed, the number of technical papers and conferences on 
- adaptive optics grew at a rapid rate after 1991. 

Despite their increased cost and complexity, spectrographs and 
cameras were familiar tools for astronomers. The same could not be 
said for adaptive optics. It was one thing to have access to the formerly 
classified technology. It was another matter altogether for astronomers 
to adapt the technology successfully for their own use or, as many as- 
tronomers hoped, to build their own systems. 

Gradually astronomers began to report technical successes and sci- 
entific results using adaptive optics. The Canadian-France-Hawaii Tele- 
scope was one facility equipped with adaptive optics that was especially 
productive. Astronomers using the CFHT were originally concerned 
about remaining scientifically competitive in the era of the Hubble 
Space Telescope and larger ground-based telescopes. The better reso- 
lution, image quality, and sensitivity provided by adaptive optics rep- 
resented one solution, and astronomers started development on a 
prototype system in 1989. By 1994, they were using adaptive optics 
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(christened PUEO after a type of Hawaiian owl with exceptionally 
good night vision) to make astronomical observations with the CFHT. 

Not all astronomers embraced the new technology immediately. 
Some scientists were skeptical of the gains to be realized with the new 
technology given its expense and complexity. There was also recogni- 
tion that the usefulness of adaptive optics was best suited to relatively 
bright objects and those with bright stars nearby that could serve as 
natural guide sources. The possibility of creating artificial guide stars 
with lasers was promising, but success with these systems would require 
even more time and money. In other words, adaptive optics would not 
be an all-purpose panacea for astronomers.°? 

Despite concerns about its expense and complexity, adaptive optics 
became increasingly important to Gemini’s design and its suite of sci- 
ence instruments. The technology was a natural addition to a large 
telescope project that had excellent image quality as a major priority. 
The relative ease of using adaptive optics to correct wave fronts from 
infrared sources also contributed to astronomers’ eagerness to include 
the technology. Even observations that did not require the highest- 
quality images would benefit from adaptive optics, which, because the 
technology concentrates more light into a smaller area, offered a way 
to observe with large telescopes more efficiently. In fact, by 1997, as- 
tronomers associated with Gemini predicted that up to 85 percent of 
science programs done with the twin telescopes would depend on 
adaptive optics. 

The study of early phases of star and planet formation appeared to 
be an especially promising match between Gemini’s infrared instru- 
ments and adaptive optics.>! Astronomers’ interest in this ‘pe was 
fed by the 1995 announcement of the first discovery of an extrasolar 
planet. Two Swiss scientists, Michel Mayor and Didier Queloz, using a 
spectrograph on a small telescope near Marseilles, measured a slight 
Doppler shift in 51 Pegasi, a star about 45 light-years from earth. The 
shifting spectral lines suggested the presence of an orbiting planet 
with a mass roughly half that of Jupiter. Astronomers had expected 
such news for years, but the announcement (and its subsequent con- 
firmation by American astronomers Geoff Marcy and Paul Butler) 
electrified the public and created a media frenzy. Astronomers using 
spectroscopic techniques found scores of extrasolar planets and brown 
dwarfs orbiting other stars. The substantial light-gathering capability 
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of the Keck Telescope helped astronomers with access to it take the 
lead in searching for objects orbiting stars. Aided by adaptive optics, 
astronomers hoped to use new large telescopes like Gemini to see the 
faint companions of nearby stars rather than inferring their presence 
indirectly through spectroscopy. 

In 1994, the Herzburg Institute of Astrophysics, located in Victoria, 
Canada, won the contract to build the adaptive optics system for 
Gemini North. This was a technological plum for Canadian astrono- 
mers and it allowed them to parlay previous experience designing the 
PUEO system into something bigger and more capable. Mountain 
recalled that this decision shocked many mainland American astron- 
omers. “There were lots of U.S. groups who were adaptive optics 
experts. But no one was actually building anything.” American astron- 
omers on the mainland, he believed, were still “doing research grants 
and putting together complex systems.” Meanwhile, Canadian and Eu- 
ropean scientists “were cleaning up on papers using adaptive optics.”* 

Tools like PUEO were designed to be reliable facility-class instru- 
ments that the average astronomer could use. This made the Canadi- 
ans’ skills especially valuable to Gemini, which needed to serve a 
broader community than telescopes like Keck or Subaru. “We were an 
- observatory, not a development lab,” Mountain said, “We wanted 
something where the user could come and get a corrected beam on 
the detector right away. The physics was understood. This was a sys- 
tems engineering problem.” 

Canadian astronomers and engineers designing Gemini’s adaptive 
optics dubbed the system Altair—short for ALTitude conjugate Adap- 
tive optics for the InfraRed and also the name of a bright star in the 
Summer Triangle. It was initially designed only to use bright stars in 
the sky as reference sources; but, in 1997, the Gemini board approved 
funding to upgrade Altair’s versatility by using artificial guide stars pro- 
duced by laser beams. Engineers designed Altair to fit, like Gemini’s 
other instruments, at the telescope’s Cassegrain focus. Light collected 
by the telescope’s main mirror was first directed to Altair to correct for 
atmospheric disturbances. As photons made their way through Altair, 
they encountered a small mirror that dozens of actuators could de- 
form over several hundred times a second. The corrected beam of 
light then continued on to one of Gemini’s other instruments. 

Scientists and managers from all major telescope projects were con- 
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sistently surprised as they struggled to equip their new facilities with 
science instruments that were an order of magnitude more expensive 
and complex than the previous generation of tools. Like all other as- 
pects of building the next generation of large telescopes, the leap in 
the cost and complexity of instruments suggested the need to embrace 
new methods. While the active involvement of teams of specialists 
was a familiar situation to those who had worked on space-astronomy 
projects, for ground-based astronomers used to building instruments 
quickly with a few graduate students and taking them to the telescope, 
this was a new and sometimes unsettling experience. 

Throughout history, the scientific community had rewarded people 
who used instruments to make discoveries, not the people who built 
them.” Judith Cohen was a Caltech astronomer and the lead scientist 
for one of the Keck Telescope’s instruments. She expressed her con- 
cerns about the changing status and rewards for what used to be called 
“gadgeteers” in a provocative letter to the American Astronomical So- 
ciety. She noted that there were few professional kudos for build- 
ing new instruments. Moreover, the timescale required to build them 
meant that graduate students could not fully participate in the experi- 
ence by helping build an instrument and then collecting data with it. 
With the cost and complexity of instruments rapidly increasing, she 
asked, “Who will dream up the grand designs and new schemes that 
the next generation of instruments will requirer" 


CHAPTER 9 


Point-and-Click Astronomy 


For centuries, using a telescope meant going to the observatory at 
night, often alone, and collecting data. This style, part of the tradition 
established at observatories like Yerkes, Mount Wilson, Palomar, and 
Lick, was so widely practiced that astronomers called it “classical ob- 
serving.” Astronomers who used big telescopes in the classical manner 
described their experiences in colorful and sometimes contradictory 
-language—romantic, creaky, cold, sometimes inefficient, but above all 
personal. 

Astronomers who spent thousands of hours at the telescope collect- 
ing data felt a strong emotional connection with this style of research, 
often describing the experience with masculine and idyllic imagery. 
According to Alan Dressler, an observational astronomer at the Carne- 
gie Institution of Washington, “A certain degree of cowboy-ish behav- 
ior made a difference.” “People talked about who was a good ob- 
server,” Dressler explained, “It was like saying someone was a good 
roper. Someone who could get that last ten percent out of the tele- 
scope. People made their reputations based on how they performed at 
the telescope.” 

Ground-based astronomers who observed in the classical style, of 
course, took risks. If the weather was poor or cloudy, they would collect 
little data. If an astronomer had an important observing program that 
called for the best possible seeing conditions and these did not materi- 
alize, then he had to fall back on other programs for that night. Classi- 
cal observing was, in other words, a gamble. There were more serious 
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risks as well. In 1987, Marc Aaronson, a promising young scientist and 
skilled observer, was fatally injured while using the 4-meter telescope 
at Kitt Peak. 

The advantage of classical observing, many argued, was that control 
of the telescope rested with the astronomer. If they desired, scientists 
could point the telescope somewhere new and hope for a discovery 
based more on serendipity and instinct than extensive preplanning. 
In fact, Dressler and other well-respected observational astronomers 
often claimed that the freedom to change one’s observing program 
quickly to match the night’s conditions or respond to a sudden inspi- 
ration was an important factor in many of their most important dis- 
coveries. 

In the 1990s, a new sense of what it meant to be an astronomer and 
use a telescope emerged and became subject to heated discussion. 
Matt Mountain was aware of his colleagues’ nostalgic attachment to 
the cowboy mythology and he invoked it to advocate new ways of doing 
astronomy with Gemini. “I do not believe discoveries are made at the 
telescope riding the weather variations like a cowboy riding a bucking 
bronco,” he claimed, “Usually, discoveries emerge after long nights at 
a terminal trying to reconcile an awkward data set with preconceived 
models.» The perception that analysis rather than observing made 
the scientist shifted the focus of scientific discovery away from the tele- 
scope itself. 

Astronomers’ comments and debates about alternative modes of us- 
ing the telescope were primarily concerned with the largest and most 
complex telescopes, like Keck and Gemini. Most astronomers assumed 
they would continue to operate smaller telescopes in the classicatt fash- 
ion. The practice of observing with a small telescope, alone or with a 
student, was sometimes referred to as the “key under the mat” mode, 
reflecting its common and relatively uncomplicated nature. 

In contrast, one term for the new style of large telescope use— 
“queue observing”—meant that the scientific information desired by 
an astronomer was collected by observatory staff and provided in a 
standard format. Observatory staff determined the order of research 
projects, taking into consideration time allocation agreements and 
seeing conditions. Advocates of queue observing stressed that it al- 
lowed the telescope to be used more efficiently. Weather and atmo- 
spheric conditions on the mountain changed throughout the night so 
staff could select appropriate research programs for the conditions at 


Point-and-Click Astronomy * 267 


the moment. The concept of queue observing was not new. A few sci- 
entists had proposed similar schemes in the early 1970s. In addition, 
some science projects were better suited for queue observing. John 
Huchra, for example, estimated that at least a third of the data for the 
Cambridge redshift survey was collected by staff observers. Until the 
1990s, however, this was not the typical way optical astronomers did 
their job. 

The possibility of new ways to use telescopes stirred discussion about 
a scientist’s identity as an astronomer. One member of Gemini’s sci- 
ence staff remarked at a gathering of scientists and observatory direc- 
tors, “We have a new definition of an astronomer now. ‘Astronomer’ 
doesn’t mean that you go to a telescope and push buttons yourself. 
It means that you deal with the data.”’ Statements such as these 
prompted concern that the next generation of researchers might be 
unfamiliar, even alienated, from their most basic research tools. In- 
deed, as I have discussed, through the 1970s and into the 1980s, many 
astronomers expressed serious misgivings about relinquishing their 
control over the collection of images and spectra. Pedagogical issues 
added additional concerns. Telescopes were used to train new astrono- 
mers and people typically became skilled telescope users only after 
relentless practice. If someone else collected their data, might not 
_the training of future astronomers be disrupted? “I am really worried 
about the Nintendo mentality in astronomy, fifty or a hundred years 
from now,” one scientist remarked. 

Acceptance of new styles of telescope use was gradual, and its origin 
cannot be traced to any single observatory, technological innovation, 
or astronomer. Instead, the transformation occurred subtly over more 
than one generation of scientists. In the 1950s, auto-guiders, for in- 
stance, replaced the tracking of objects by hand. “Gadgeteers” devel- 
oped new electronic devices that allowed scientists to move from the 
telescope’s observing cage to warmer and more comfortable control 
rooms. In 1968, astronomers at Kitt Peak did the first remote observ- 
ing with a 5-inch telescope operated from Tucson. As early as 1984, 
Sandra Faber, a University of California astronomer, proposed that 
new telescopes like the Keck “be flexible enough to allow quick 
changeovers to programs that benefit from good seeing.” Achieving 
this, Faber said, would require “substantial changes in operating phi- 
losophy.”* 

Despite these changes, most optical astronomers still collected their 
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own data through the 1980s. The basic application for ground-based 
telescope time at the national observatory was fairly simple. It in- 
cluded a brief description of the astronomer’s science program and a 
list of nights and instruments that were needed. As one astronomer 
noted, “I can write a proposal for Kitt Peak in an afternoon that’s one 
page long.”® 

For many scientists accustomed to traditional ground-based tele- 
scopes, space-based observatories like the Hubble Space Telescope 
represented a major transformation in their practice of astronomy. 
Scientific discoveries aside, astronomers saw Hubble affecting their 
field sociologically and culturally, particularly in the funding arena. By 
1995, NASA had surpassed the NSF as the dominant source of federal 
funding for astronomy. Part of this transformation occurred because 
NASA coupled observing time on Hubble with funding for data analy- 
sis. The effects of Hubble on the working life of astronomers were 
more subtle. Its location obviously precluded astronomers from using 
it in person. For many in the science community, applying for time on 
Hubble was much more complex than requesting time at Kitt Peak or 
Cerro Tololo’s telescopes. NASA expected scientists to be familiar with 
the space telescope’s instruments (each had many different modes of 
collecting data) and perhaps do initial ground-based observations to 
complement the precious time they requested with the Hubble Tele- 
scope. 

The process of requesting observing time started when an astrono- 
mer electronically submitted a lengthy Phase I proposal. This was re- 
viewed by staff at the Space Telescope Science Institute (STScI) and a 
powerful time allocation committee of outside scientists. a than 
20 percent of proposals submitted passed muster. The fortunate scien- 
tist (or more likely a team of scientists) who passed this hurdle then 
prepared a Phase II observing program. With technical help and stan- 
dardized software from STScl, scientists listed each object they wished 
to observe, its position, the length of exposure, and the observatory’s 
instrument configuration. This information formed the basis of com- 
puterized telemetry commands that NASA staff at the Goddard Space 
Flight Center sent to the telescope. NASA budgeted observing time 
on Hubble minute by minute around the clock. Scientists’ proposals 
entered an observing queue and were linked to minimize telescope 
movements and save time. Astronomers typically did not know when 
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their observations were being completed and few were present at 
STScI when data was collected. 

Raw data received from Hubble was processed by STScI staff using 
standard software packages and stored in data archives. A few days af- 
ter observations were made, the astronomer received data tapes in the 
mail. Only at this point did the astronomer re-enter the picture—to 
make sense of the data, convert the digital bits into images or spectra, 
and perhaps incorporate them into a publication. Scientists had a year 
to do this before their right to use the data exclusively expired and the 
information went into a public archive where all scientists had access 
to it. Hubble was, after all, a national observatory, and after some dis- 
agreements, the astronomy community accepted the public nature of 
the data it collected.’ Even in publishing their science results, astrono- 
mers using data from Hubble broke with tradition. Their papers aver- 
aged three times as many authors as those originating at telescopes on 
the ground.® 

Scientists, even those used to the most complex instruments on 
ground-based telescopes, sometimes complained about the inflexibil- 
ity of Hubble’s queue system and its high degree of automation. Some 
questioned whether the highly structured operation diminished sci- 
entific effectiveness by locking astronomers into tightly specified 
observing programs rather than letting them change plans on the fly. 
Looking at the data was still exciting and there was no doubt that Hub- 
ble produced some of the most visually stunning science images ever. 
Yet some astronomers missed the immediacy and emotional connec- 
tion to data that they collected themselves and compared receiving 
data tapes in the mail to hearing a baseball game on the radio instead 
of witnessing firsthand the ballpark’s sights and sounds.® 

In 1990, much of this process—queue observing, complex propos- 
als, public data archives—was new to many optical astronomers but 
not to all ground-based astronomers. Radio astronomers, especially 
those using the national radio arrays, were accustomed to receiving 
data collected by others from queue-based observing runs. Some opti- 
cal observatories even operated smaller ground-based telescopes in a 
queue fashion, partly to evaluate the telescope’s effectiveness before 
the completion of bigger facilities like Gemini. Astronomers’ reactions 
were not uniformly positive. Many astronomers who received queue- 
observing time on the new 3.5-meter WIYN telescope at Kitt Peak, for 
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example, said they still preferred to gamble on good weather and ob- 
serve in the traditional fashion.!° These sentiments amused scientists 
more accustomed to observing with x-ray or radio facilities. British as- 
tronomer Richard Ellis remembered “a famous x-ray astronomer who 
would always say, ‘How’s it going, Richard? Still wasting money and 
time zipping around to make observations?’”!! 

Gemini’s staff and patrons anticipated that demand for the twin 
telescopes would be high. Several thousand astronomers from Gem- 
ini’s partner countries would be competing for observing time. The 
large community the telescopes would serve required an approach 
that differed from the classical observing scenario in many ways. First, 
if astronomers used classical observing techniques, they might en- 
counter bad weather or fail to get useful data because they were unfa- 
miliar with the equipment. Such inefficient use of the telescope would 
be an issue, given there were only 365 nights a year to divide among all 
research programs. 

Weather and seeing conditions at Mauna Kea and Cerro Pachén 
introduced additional complexity. The median quality of seeing on 
Mauna Kea, for example, was about 0.4 arc-seconds. On a typical 
night, a hypothetically “perfect” telescope would still only produce im- 
ages with a resolution of 0.4 arc-seconds. The limitation was imposed 
by atmospheric conditions, not by technology, and seeing conditions 
varied nightly over a wide range. 

Queue scheduling enabled the observatory to link nighttime condi- 
tions with appropriate observing proposals. On Mauna Kea, the best 
nights might produce optimal, but rare, conditions with 0.1 arc-second 
seeing that Gemini’s telescopes were designed to exploit. ip every 
observing program required such exquisite seeing or cloudléss nights, 
and such programs could be executed under mediocre or even poor 
conditions. Infrared astronomers, on the other hand, needed nights 
when atmospheric water vapor, which absorbed some infrared radia- 
tion, was lowest. The challenge facing Gemini and other observato- 
ries was how to match observing conditions with those programs that 
truly required the best possible seeing. “Unless we find ways of quickly 
adapting observations to exploit atmospheric conditions, realizing the 
scientific potential of these telescopes will rely heavily on luck and the 
scientific benefits to the Gemini partnership as a whole,” Mountain 
wrote, “will be diminished.”!2 
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Once construction of Gemini was underway, the scientists and man- 
agers associated with the project directed their attention to modeling 
and optimizing how the telescopes should be used. The premium 
placed on efficiency and serving the maximum number of scientists 
would result in some sacrifice of personal interaction and control on 
the part of astronomers. Gemini’s staff incorporated ideas like queue 
observing and service observing from space-based observatories like 
Hubble; these approaches would have been anathema to many scien- 
tists fifteen years earlier. 

Designers also made instruments versatile to increase their ef- 
ficiency. The instrument clusters underneath the Gemini telescopes 
were designed so light collected by the primary mirror could be di- 
rected to any instrument and switched between these with relative 
ease. When a particular instrument was out of service, Gemini’s staff 
could switch to a different instrument and execute other astrono- 
mers’ observing programs. In many ways, the emphasis at Gemini and 
other observatories on flexibility, streamlined efficiency, and adapt- 
ing to prevailing weather conditions resembled Japanese “just-in-time” 
manufacturing practices admired by American business leaders in the 
1980s. ; 

Not all major new telescopes followed this path. As an international 
facility, Gemini differed from the Keck Observatory. Even though 
Keck resembled Gemini in size and sophistication, astronomers still 
used the two 10-meter telescopes in the classical model. Astronomers 
from Caltech or the University of California received blocks of nights 
several times a year to collect data. They flew to the big island of Ha- 
waii where they monitored and controlled the process from Waimea 
via Internet and videoconference links, while, at the 14,000 foot sum- 
mit of Mauna Kea, technicians pointed the telescopes and operated 
the instruments. While not physically at the telescope, the researcher 
remained an active participant in the process. Plans for Japan’s Su- 
baru telescope and the Carnegie’s Magellan telescopes—all serving a 
smaller user community than Gemini—were based on similar models. 

Debates among astronomers and science managers were associated 
with the adoption of distinctly different ways of using large ground- 
based telescopes. As part of this dialogue, scientists from several large 
telescope projects, as well as older established observatories, came to 
Hawaii in 1995 and again in 1998 to discuss how to optimize observa- 
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tory operations and their scientific return. Their discussions indicate 
how much astronomers’ thinking had changed since the large-tele- 
scope conferences of the 1970s. 

In 1974, for example, when astronomers like Geoffrey Burbidge 
proposed that some science data might be better collected by service 
observers, they were met with angry and indignant responses from 
their colleagues. The suggestion that some observatories, especially 
ones with larger and more complex telescopes, adopt a hands-off pol- 
icy with regard to astronomers using the telescopes was resisted.'? Two 
decades later, astronomers centered their discussions around ques- 
tions such as: “Who are our customers?” and “Are we delivering a prod- 
uct, a service, or a capability?” Scientists, if only grudgingly, began to 
accept that, while being an astronomer “used to mean that you go to a 
telescope and look through an eyepiece, . . . it doesn’t mean that any- 
more.”!4 Such statements aroused nowhere near the outcry they would 
have produced 20 years earlier. 

Determining the catalyst for this shift in astronomers’ thinking is 
difficult. The scientists themselves attributed the changes primarily to 
technological progress—bigger mirrors, more ambitious telescopes, 
and much greater computing power. Since the 1970s, the amount of 
information collected by telescopes worldwide had far outpaced gains 
made in light-collecting power alone. While the total area of telescope 
mirrors around the world had increased by a factor of 30 since 1975, 
the number of pixels in a typical CCD detector grew by a factor of 
3,000. The introduction and maturation of new communications tools 
—the Web, the Internet, videoconferencing, and high-bandwi th links 
connecting mountain peaks in Hawaii and Chile to astronomnig#s in the 
mainland United States—also motivated astronomers to adopt new 
patterns of work and consider changes in their nighttime use of tele- 
scopes. Moreover, well-publicized science results from the Hubble 
Space Telescope encouraged scientists to maximize the capability of 
their new tools. 

Not all changes occurred as a result of technological innovations. 
Additional impetus came from observatory directors and science man- 
agers who argued that the cost of building and operating new tele- 
scopes demanded greater efficiency. Some in the community recog- 
nized that even with smaller (and supposedly less complex) telescopes, 
the first night astronomers spent observing was often unproductive. 
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Unless they were intimately familiar with the telescope and its instru- 
mentation, astronomers might need several hours to calibrate equip- 
ment before collecting any data. One ESO scientist pointed out that 
this way of working could not be carried over to more expensive and 
complex facilities. When the last of the four 8-meter “unit telescopes” 
of the Very Large Telescope facility was completed in 2000, ESO man- 
agers had 1,480 nights of telescope time to allocate annually among 
European scientists. Each telescope cost about a dollar per second 
around the clock. “If a staff member’s work can save two nights,” one 
European scientist noted, “his or her salary is already accounted for.”! 

In many respects, astronomers’ concerns about cost-effective use 
of their equipment resembled arguments made by particle physicists 
three decades earlier. At a 1966 meeting at the Stanford Linear Accel- 
erator, Berkeley’s Luis Alvarez noted that physicists were part of “a very 
large business” costing millions of dollar per year. This and the compe- 
tition for scientific discoveries encouraged physicists to think about 
increasing the number of interesting “events per dollar” produced by 
accelerators, recorded in the bubble chamber, and discerned by scan- 
ning devices.!® 

Efforts to project an aura of efficiency and managerial competence 
were accompanied by astronomers’ attempts to measure observatory 
productivity in terms of users served. “Say you are an American astron- 
omer from a Midwest university,” Mountain said. “You may get two 
nights a year on Gemini. What happens if the weather is cloudy? With 
classical scheduling, that’s it for the year.”!” In the United States, these 
concerns, especially for a nationally available observatory like Gem- 
ini, did not originate solely among astronomers but followed larger 
trends. In 1993, for example, Congress passed the Government Perfor- 
mance and Results Act requiring each federal agency, including the 
NSF, to devise yardsticks to measure performance and progress. This 
mandate included the NSF’s science centers such as Kitt Peak and 
Gemini. The statute helped spark debates about how the NSF would 
evaluate scientific productivity objectively. Was the proper metric the 
number of times a publication was cited, the number of “customers” 
requesting time at a telescope, or the number of scientific problems 
“solved?” This was not just an American trend; similar studies evaluat- 
ing telescope productivity were done by European astronomers.'* The 
need to demonstrate greater efficiency and productivity encouraged 
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scientists to accept models and metaphors from the business world 
to describe observatory management and telescope operation. Astron- 
omy, like particle physics, was a big business; astronomers described 
observatories as “data factories” and the researchers who came to 
them as “customers.” 

Not all astronomers, even those steeped in the traditions of classical 
observing, were entirely apprehensive about the cultural shift in opti- 
cal astronomy. Caltech’s Maarten Schmidt, an astronomer in the classi- 
cal model if there ever was one, saw changes in astronomers’ work hab- 
its as a positive step. “I think 30 years ago we would have been called 
backwards by the physicists. Now we are among the most aggressive us- 
ers of whatever new thing there is.”!? Richard Ellis was another sci- 
entist who first used telescopes in the classical fashion. A member 
of Gemini’s board, Ellis believed the observatory was “owned by its 
community of users” and was eager to “maximize community involve- 
ment.” Gemini, he wrote, could be operated like Hubble with only a 
“few people [visiting] Baltimore to get HST data,” but he cautioned 
against adopting such an extreme model. Without regular visits by sci- 
entists and a “synergy between the users and telescope staff,” observa- 
tory morale might suffer and the “buzzing scientific atmosphere” that 
was an essential part of doing astronomy might be lost.*° 

Astronomers and managers developed plans for using new tele- 
scopes like Gemini in this fertile and sometimes confusing milieu. As 
they struggled to make sense of their community’s changes, astrono- 
mers turned to physics and the business world to adapt to the present 
and anticipate the future. Meanwhile they continued debating tele- 
scope use in formal panel discussions, conference ined oe and 
during clouded-out observing runs. Unlike fifty years previously, there 
was no consensus as to the single best way to operate telescopes. There 
was, however, a general recognition, even at Keck where the classical 
model of telescope still prevailed, that a cultural shift in science prac- 
tice was occurring. 

In 1996, Matt Mountain, after reviewing the operations strategies 
adopted by ESO and Keck, likened the situation to the Goldilocks fairy 
tale. ESO’s completely programmatic and queue-based approach for 
the Very Large Telescope was “too expensive” while Keck’s approach 
was “too frenetic.” By opting to include elements of each, Gemini was 
“Just right.”*! The plan he and Gemini’s science committee proposed 
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was that Gemini would initially reserve half of the telescopes’ time for 
a modified version of classical observing. After flying to Hawaii or 
Chile, astronomers would control and monitor data collection from 
Gemini’s base facilities in Hilo or La Serena. 

The remaining nights would be set aside for queue observing done 
by the observatory staff. The goal was to match the observations of as- 
tronomers to the prevailing weather and seeing conditions. Astrono- 
mers would receive small blocks of time, creating access for more users 
and enabling the staff to make sure that the telescopes and instru- 
ments needed for that night’s work were ready. “From the perspec- 
tive of an observational astronomer, astronomy may be less fun, but 
surely, the big returns,” Mountain wrote, “may be worth a change in 
cultures??? 


Dedication 


First light with a new telescope is an arbitrary, largely symbolic, and 
sometimes anticlimactic event. Once achieved, scientists and engi- 
neers still expend months of often-frustrating effort to make the tele- 
scope’s various systems work harmoniously. Gemini was no exception. 
In late December 1998, light from Jupiter hit the carefully polished 
surface of Gemini’s 8.1-meter primary mirror. The telescope’s million- 
dollar secondary mirror was not yet in place so light from the fifth 
planet reflected off the main mirror to a sheet of white paper where 
astronomers could see it. By using images of familiar objects like Jupi- 
ter, technicians began the long and delicate process of calibrating the 
system of computers and actuators that supported the main mirror. 

A month later, on January 29, 1999, Gemini’s secondary mirror was 
finally in place. The telescope’s observing slit opened and the tele- 
scope quietly moved to point first at, appropriately enough, the stars 
Castor and Pollux in the constellation Gemini. The computer-con- 
trolled systems that Gemini’s primary mirrors would depend on were 
not functioning properly yet, so Jim Oschmann and other engineers 
made manual adjustments until the star they were using to calibrate 
their systems transformed from an ill-defined elongated image on a 
computer screen to a relatively sharp point of light. At 13,000 feet 
closer to sea level, an exhausted Matt Mountain observed their prog- 
ress on a computer terminal linked via fiber optics to the systems on 
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the summit. “It was hard to get to this point,’ Mountain told a reporter, 
“and there was a realization that the hard work had just begun.” 

On June 25, 1999, the first of Gemini’s two telescopes (Figure 12) 
was dedicated in a ceremony atop Mauna Kea. To hear remarks by 
the governor of Hawaii and Prince Andrew, 150 people trekked to the 
oxygen-depleted summit of Mauna Kea. While guests at the summit 
spoke, 300 more people viewed the ceremony via live simulcast—a re- 
flection of how the telescope would actually be used—at the tele- 
scope’s base facility in seaside Hilo, two and half miles lower and 50 
miles away. 

Astronomers received an indication of Gemini’s capabilities when 
they temporarily obtained a small adaptive optics unit called Hokupa’a 
(the Hawaiian name for the North Star) and an infrared imager from 
the University of Hawaii and jury-rigged it to the telescope. They 


Figure 12. The completed Gemini North telescope. Notice the open 
thermal vents and the telescope visible through the dome’s partially 
opened observing slit. Courtesy of Gemini Observatory/NOAO/AURA/NSF. 
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pointed Gemini North toward the planet Pluto, six billion miles away, 
and easily resolved its moon, Charon, in orbit. Charon travels around 
the ninth planet at a distance of only about 9,000 miles so imaging 
it was proof that both the telescope’s mirror support and borrowed 
adaptive optics systems were working properly. Pictures taken of NGC 
6934, a globular cluster in the Milky Way some 50,000 light-years away, 
demonstrated Gemini’s ability to produce high-resolution images. 
Without adaptive optics, Gemini could still resolve detail of about 
0.6 arc-seconds, already better than the best nights at Palomar and 
enough to see a blurred cluster of stars. After astronomers engaged 
the adaptive optics system and opened Gemini’s air vents to flush out 
the dome, the resolution improved dramatically to 0.09 arc-seconds. 
Individual stars in the cluster appeared as pinpoints of light, a feat 
comparable to resolving the individual headlights of an oncoming car 
some two thousand miles away. 

On January 18, 2002, astronomers and science managers from seven 
countries arrived in La Serena to dedicate Gemini South and cele- 
brate the completion of the entire observatory. In the morning, a 
bus caravan left La Serena and headed east through the Elqui Valley 
toward Cerro Pach6n. Many astronomers had experienced the bus 
trip from La Serena as a prelude to observing runs on nearby Cerro 
Tololo. One person conspicuously absent was Fred Gillett. The infra- 
red pioneer had died of cancer in April 2001 at age 64. To recognize 
his role in shaping Gemini’s design and leading its science team, the 
Gemini Board recommended that Gemini’s northern telescope be 
named in honor of this pioneering astronomer. 

Guests milled underneath Gemini South’s massive enclosure on its 
high rocky outcropping. The telescope’s thermal vents were open and 
flags from Gemini’s seven partner countries flapped in the breeze 
as classical music and sunshine lifted people’s spirits. Gradually the 
guests seated themselves and waited while Chile’s President, Ricardo 
Lagos, arrived via helicopter for a tour of the facility. Poster-sized im- 
ages, including those recently produced by Gemini South’s Hawaiian 
twin (Figure 13), added to the atmosphere. 

Lagos welcomed Gemini South to the growing family of large tele- 
scopes dotting mountaintops throughout Chile. Like the speakers that 
followed him, Lagos praised Gemini for helping pave the way to future 
international scientific projects, including even larger telescopes in 
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Figure 13. Image of the large spiral galaxy NGC 628 (Messier 74) in the 
constellation Pisces taken during the “first light” observing run by the 
Gemini Multi-Object Spectrograph on Gemini North. A copy of this 
instrument is also on the Gemini South. Courtesy of Gemini Observatory/ 
NOAO/AURA/NSF. ie 


f 


Chile. Lagos’s speech was not without humor. “If it is true,” he said, 
“that the Big Bang existed . . . what is still unclear is why the Big Bang 
happened, and perhaps the person who has more answers is the Arch- 
bishop, who will proceed with the blessing of this observatory.” 

Unlike the dedication of the first Keck Telescope a decade earlier, 
those who came to celebrate Gemini’s completion could not brag that 
the telescopes were the biggest or the first to enter service. Speakers at 
the ceremony instead described how Gemini was a transoceanic system 
for science research, linked together by high-speed data networks and 
fiber optic cables, that would provide astronomers with full-sky cover- 
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age. Many of the speakers also emphasized another special feature of 
Gemini—that it was built as an international collaboration between 
seven partners scattered all over the world. More than just geography 
separated these countries. Building Gemini, they said, required that its 
advocates transcend these countries’ different historical traditions, ca- 
pabilities, and ambitions in astronomy. 

Gemini’s dedication was significant and timely for the NSF. Soon af- 
ter his selection as President, George W. Bush submitted his 2001 bud- 
get. Buried in its details was a request for the National Academy of Sci- 
ences to consider whether the NSF’s astronomy “responsibilities” (in 
other words, its funding and facilities) should be transferred to NASA 
to help fulfill Bush’s campaign promise “to make Government more 
results oriented.”24 Stunned by the idea, astronomers were relieved 
when the Academy concluded that the White House’s suggestion was 
seriously flawed. At the same time, the report criticized how the NSF 
had handled some aspects of Gemini and it suggested that more “sys- 
tematic and transparent project management” could have given the 
NSF greater leadership opportunities.” 

Nonetheless, for AURA and the NSF, Gemini was a major manage- 
ment success.2° The observatory was completed without any major 
scheduling problems and at a cost of about $184 million (an extra 
$8 million was added to the original budget of $176 million in 1997). 
Moreover, Gemini’s completion bolstered the NSF’s claims of com- 
petence in undertaking increasingly bigger and more expensive re- 
search facilities. At Gemini’s dedication, Rita Colwell, the NSF’s direc- 
tor, noted that the director of the U.S. Office of Management and 
Budget had recently praised the NSF as the “best managed agency in 
the U.S. government.”*” 

Few guests at the dedication had performance metrics and Beltway 
politics in mind, however, when they visited the deck of Gemini’s 
observing floor and saw the distant snow-tipped peaks of the Andes 
through the telescope’s raised thermal vents. The floor of the dome 
rotated as the telescope pointed and slewed, giving at least one person 
some minor disorientation and a giddy sense of riding the world’s 
most expensive carousel. The sheer immensity of an 8-meter telescope 
and the instrument cluster at its Cassegrain focus, impossible to docu- 
ment in press photographs, revealed itself as guests milled about tak- 
ing pictures of Gemini’s multimillion dollar mirror. 

That evening, guests attended a dinner replete with celebratory 
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irony. Matt Mountain and William S. Smith, Goetz Oertel’s successor 
as AURA’s president (Figure 14), presented a special recognition to 
Dick Malow, who “had worked tirelessly . . . to ensure that the money 
kept flowing, enabling us to hold the Gemini Project to budget and 
schedule.” This was achieved, Mountain said, in a nod to Malow’s ear- 
lier career, “under Dick’s close scrutiny.” The special recognition of 
Malow’s role—the award cited his “rigorous approach to ‘the num- 
bers’”—reaffirmed that the completion of a large project like Gemini 
demanded not just scientific and technical accomplishments but polit- 
ical acumen as well. 

Dedicating a telescope is partly a celebratory, even theatrical, event. 
In this grand tradition, speakers at Gemini’s dedication drew attention 


Figure 14. Matt Mountain (left) and Dick Malow at the dedication dinner 
for the Gemini Observatory in January 2002. William Smith, AURA’s 
president as of February 2000, is at the right. Courtesy of Gemini 
Observatory/Kirk Putohau-Pummill. 
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to the telescope as a symbol. In 1948, when the 200-inch was dedi- 
cated, Raymond Fosdick, president of the Rockefeller Foundation, 
described the new telescope as “the lengthened shadow of man at 
his best.”*8 Fifty-four years later, Colwell struck a similar tone in her 
speech, one that reflected the values and challenges of the time. Inter- 
national science projects like Gemini, she said, were needed more 
than ever to help “transcend national boundaries and cultural divides.” 

Speakers at Gemini’s dedication also offered visions of astronomical 
research that spanned the decades between the reign of telescopes like 
the 200-inch and the new era of large telescopes astronomers helped 
bring into existence during the 1990s. Colwell told a metaphorical 
story about astronomers’ work that spoke of an era that was quickly be- 
coming a romantic anachronism. Folklore, she said, held that cham- 
pagne was discovered by accident when Dom Perignon tasted a bottle 
of wine that had refermented. Delighted with his discovery, she told 
how the monk shouted, “Come quickly, I am tasting the stars!” After- 
wards, Matt Mountain displayed pictures that reflected a new era of 
how astronomers would use large telescopes—images of Gemini’s con- 
trol room with its video monitors, computer terminals, and other digi- 
tal interfaces—and intoned, “Welcome to point-and-click astronomy.” 


Gemini Nights 


In the 1990s, the international astronomy community anticipated do- 
ing research with a dozen or more telescopes, each much larger than 
the venerable 200-inch on Palomar. The new generation of large tele- 
scopes sported more glass and cost more money than all other tele- 
scopes in the world combined and represented the largest advance in 
astronomers’ light-collecting power ever. It is too soon to evaluate the 
impact that these new large telescopes—Gemini, Keck, the Very Large 
Telescope, and so on—has had on astronomy as a science. It is, how- 
ever, possible to describe what a night at a large telescope was like. 

In 1997, as completion of Gemini neared, the observatory staff 
wrote a description of an “ideal night” at the twin telescopes: 


It is nightfall on Cerro Pachon and the system operator and staff as- 
tronomer are . . . discussing with his colleague in La Serena which mix 


of observations will make the best use of the night’s conditions . . . In 
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the same room, an engineer is trouble-shooting an off-line instrument 
via videoconference link to Mauna Kea . . . [Later] as the service ob- 
server on Cerro Pachon is starting an infrared spectroscopic observa- 
tion of a high redshift galaxy, it becomes obvious that there is some- 
thing peculiar about its emission lines . . . the PI [monitoring the 
process from England] decides to log on from home and look at the 
extracted spectrum himself. The next observation is listed as classical 
remote observing and the observers in Tucson and Sa6 Paulo have 
been waiting patiently to connect to the system and observe. In Tucson 
the PI dials up the Gemini ISDN number and establishes a connection 
to the site—giving her control of the science operations . .. The same 
video links allow both the observers in Tucson and Sa6 Paulo to in- 
teract with the System Operator and the Service Observer on Cerro 
Pachon. Next month, the two observers are scheduled to use the re- 
maining four hours of their allocation to repeat the same observations 
on a northern sample, using the Mauna Kea Gemini Telescope.”9 


Gemini’s transition to this level of efficiency and convenience took 
a considerable period of time. Engineers tuned and tested Gemini 
North for months before handing it over for part-time science opera- 
tions in mid-2000. For its first semester of science operations, the ob- 
servatory received over 180 proposals for time, despite only having the 
most basic instruments mounted under the main mirror. The requests 
for time represented more than four times the number of observing 
hours available, a good indication of the high level of interest the as- 
tronomy community had in Gemini. 

The application for time on Gemini was modeled on the’ mplex 
process used for the Hubble Space Telescope. An interested astrono- 
mer submitted an initial Phase I proposal to his or her country’s “Na- 
tional Gemini Office.” Each partner country had one. The American 
office was located at NOAO in Tucson, the last remaining link between 
the national observatory and Gemini. In addition to a scientific jus- 
tification, the astronomer’s proposal had to include the amount of 
time needed and the types of objects to be observed. Twice a year, the 
national office ranked proposals in two lists, one for classical and one 
for queue observing. 

These lists were sent to Gemini, where they were merged, using a set 
of metrics and algorithms, into initial queue and classical schedules. 
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Gemini’s directors and a second, more powerful international com- 
mittee created the final schedule. Each partner in Gemini had a repre- 
sentative on the international committee, and Mountain compared 
the two time allocation committees to the U.S. House of Representa- 
tives and Senate, respectively. 

Developing the final set of proposal rankings was an inexact pro- 
cess, and it was unlikely that each partner country would receive ex- 
actly the amount of time it was due under the partnership. The U.S., 
for example, had about 117 nights on each telescope. Gemini’s goal 
was to make the time each partner received proportional to its finan- 
cial contribution over the long run.*° The international committee 
first ranked proposals into four groups. To help eliminate favoritism 
and conflicts between partners, all proposals in each group were later 
randomly shuffled. The observing programs would then be executed 
in order of the group’s ranking—those in the top group were done 
first, and so forth.*! 

Meanwhile, successful applicants prepared more detailed Phase II 
proposals. If the Phase I proposal was comparable to a movie plot in 
storyboard format, the Phase II proposal was like the detailed instruc- 
tions given by a film director regarding camera position, lighting, and 
such. With assistance from Gemini staff scientists, the astronomer used 
standardized software provided by Gemini to create a detailed set of 
instructions that told the telescope and its instruments what to do: an 
exact list of objects to observe and their coordinates, what filters to in- 
sert into the instrument, nearby guide stars to use in conjunction with 
the adaptive optics system, how long to observe each object, and an ex- 
act description of how the telescope itself would move. For example, 
an observer might ask the telescope to move over a square that was an 
arc-second on each side for 300 seconds, move off to take an image of 
the sky background for a few more minutes, and subtract this signal 
from the data before moving to the next object. For people new to the 
process of using a large telescope like Gemini, preparing the Phase II 
component could be time-consuming and intimidating. Like dancers 
with favorite steps, those scientists who became familiar with the pro- 
cess developed sequences of preferred “telescope moves” that they 
used routinely as part of their nightly work. 

An astronomer arriving at the headquarters of the Gemini Observa- 
tory in Hilo, perhaps coming to monitor her observing run scheduled 
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for that night’s queue, found a single-story building marked by flags 
from Gemini’s seven partner countries. Gemini’s headquarters was 
located on a veritable “Observatory Row” near the buildings for the 
United Kingdom’s Joint Astronomy Center, Japan’s base for the 
Subaru telescope, and a building for the University of Hawaii’s Insti- 
tute of Astronomy. On a clear day, it was possible to see the nearby 
Pacific Ocean as well as glinting white and silver telescope domes on 
Mauna Kea. 

A person entering the headquarters building immediately encoun- 
tered Gemini’s Operations Center, a large room with extensive win- 
dows through which guests could watch the staff and visiting astrono- 
mers at work. Filled with rows of computer monitors and workstations, 
the room was air conditioned amply enough to prompt one visitor to 
wonder if an effort was being made to recreate the frigid conditions 
on Mauna Kea’s summit. Large television screens provided real-time 
video links between the telescope’s control room at the summit and 
the base facility. Gemini staff entered and left the control room at all 
hours of the day as the observatory was operated continuously by three 
shifts of staff astronomers and technicians. The first shift, from late 
morning to early evening, was taken by a staff scientist. Using schedul- 
ing tools and weather-forecasting models, this scientist made plans for 
that night’s observing run and attended to crucial details such as 
establishing equilibrium between the temperature of the telescope’s 
mirror and the ambient air. 

At around six p.m., the staff scientist passed control of the telescope 
to the nighttime observing team. For queue-observing runs, there 
might be just one staff astronomer working at sea level and’ommu- 
nicating via phone, e-mail, and video link with the suppont staff at 
the summit who actually controlled the telescope and its instruments. 
Many of the specialized staff at Gemini were system support associates. 
In classical observing, these people “drove” the telescope for the as- 
tronomer. The SSAs took on more specialized roles at Gemini and 
were not simply telescope grunts but rather professional members of 
the observatory staff. Because operating a telescope such as Gemini 
was now a much more complex operation, the nighttime role of the 
SSAs—Gemini had six available at each telescope—was more demand- 
ing. At the beginning of the night’s observing run, for example, one 
SSA adjusted the telescope during a short pointing test and “tuned” 
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the primary mirror to remove any residual optical aberrations and ad- 
just it to the temperature of the night air. The SSA then pointed the 
telescope at a target and began tuning the wave front sensors that 
helped keep the mirror and telescope aligned and calibrated through- 
out the night. 

As observing commenced, astronomers at sea level could monitor 
the process in real time. Data collected by the telescope was instanta- 
neously displayed on computer screens in Hilo and at the summit. 
Staff astronomers pulled up the Phase II computer files that formed 
the basis of instructions that went to the telescope, the detectors, 
and the instruments. These electronic files allowed the staff to com- 
municate with and control the telescope’s different systems while the 
main mirror collected light and converted it into information. Mean- 
while, an SSA monitored the status of the telescope and the outside 
conditions. The SSA alone had the authority to shut down for the 
night if the wind was too strong or if dangerous snows started on the 
mountain. 

Links between staff at sea level and those at the summit were not 
without occasional frustrations. In Hilo, it was easy to forget that the 
summit staff breathed 40 percent less oxygen. This could sometimes 
cause short-term memory lapses, a situation exacerbated when people 
at both places were working together on complex tasks like debugging 
an instrument’s software.22 Once the staff completed the night’s ob- 
serving run, the telescope was handed over to the third shift at sea 
level while astronomers and operators at the summit drove down to a 
dormitory at about 9,000 feet. 

From about dawn until around noon, the third shift of SSAs moni- 
tored the shutdown of the telescope, discussed engineering problems 
with the technical staff, and began to archive the gigabytes of data col- 
lected the previous night. Information collected by the telescope went 
through what was called a “data pipeline.” This used standard software 
and mathematical algorithms to reduce data for each observing pro- 
posal to a standard format. When the data emerged from the pipeline, 
astronomers could log on to the database from wherever they were 
based, view the digitized information, and get a rough sense of how 
successful the night’s work had been. Mountain referred to Gemini’s 
system of information management as “data flow,” a term in use at 
other astronomy institutions like STScI and ESO. The data flow, he 
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said, was “an overall description of how you start with an idea and 
end with a data set in your office.” The goal was to link seamlessly all of 
the different stages of making an observation—having an idea, apply- 
ing for time, executing an observation, processing the data, and assess- 
ing the observatory’s success—rather than having these be discrete ac- 
tivities.°° 

Observing with a telescope like Gemini, even for classical-style ob- 
serving, was a team-oriented process requiring contributions from many 
different people. The staff included, of course, Gemini’s director and 
two associate directors who oversaw the management and productivity 
of the two telescopes as a single integrated observatory. Gemini hired 
new Ph.D. astronomers for fixed short-term appointments in order “to 
create the new generation of astronomers”—presumably those famil- 
iar with using large, modern telescopes—who might “cycle back into 
the user community.”* In addition to supporting Gemini’s operations, 
these “Gemini Fellows” were granted observing time for their own 
research. Gemini also employed senior staff astronomers to support 
Gemini’s operations and do personal research. In all, Gemini required 
a myriad assortment of engineers, computer programmers, and instru- 
ment gurus—some 100 people overall—to function in a productive 
manner. Like the organization of scientific work established in big fac- 
tory-like accelerator laboratories, the operation of the new large tele- 
scopes was based on close interactions between scientists, engineers, 
and other technical experts. This entailed a greater amount of task 
specialization and accompanying hierarchical organization. 

Stéphanie Cété, a young Canadian astronomer, was one of the scien- 
tists who supported Gemini as it made the transition from engij eering 
to science operations. After getting her Ph.D. from the ieee po Na- 
tional University, where she spent considerable time using modest- 
sized telescopes, she helped operate ESO’s 3.5-meter New Technology 
Telescope in Chile. Like many astronomers of her generation, Cété 
did not consider herself to be an optical astronomer exclusively. In- 
stead, she freely used observations taken at a variety of wavelengths at 
ground and space-based telescopes to address specific scientific prob- 
lems, joining the movement away from what Malcolm Longair called 
“wavelength chauvinism.” 

In 2000, Cété was working at the Herzberg Institute of Astrophysics 
in Victoria where she was part of Canada’s Gemini Office. In Novem- 
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ber, she spent three weeks helping make service observations with 
Gemini North as part of the commissioning of a new instrument called 
OSCIR. Built by a team at the University of Florida, astronomers had 
used it at other telescopes before its builders loaned it to Gemini in ex- 
change for observing time. OSCIR could detect mid-infrared radiation 
from about 8 to 25 microns and use it to produce images and low-reso- 
lution spectra. Cété’s task was to help get the instrument working on 
Gemini and try to collect some useful science data. She spent a consid- 
erable amount of her time at the summit of Mauna Kea learning about 
the OSCIR’s quirks from the Florida team and Philip Puxley, a British 
astronomer who later became the associate director of Gemini South. 

The first few nights were “total chaos,” according to Coté. The tele- 
scope exhibited many problems. Most were minor but, combined with 
software errors, they made integration of the delicate new instrument 
with an already complex telescope more difficult. Tempers flared and 
several nights’ worth of observing were lost as astronomers at the sum- 
mit and Hilo attempted to diagnose problems and determine which 
were caused by the telescope and which were instrument-related. 
Finally, the Florida and Gemini staff resolved the problem and began 
collecting data on the newly installed instrument. 

Cété also helped match observers’ requests with the weather and sky 
conditions to create the queue for the night’s observing. A typical 
night started around 4 p.m. when she discussed with technicians and 
the SSAs via teleconference the previous night’s observing run and 
any new telescope problems found during the day. She then helped 
plan the next night’s observing run before setting off to the summit to 
arrive before sunset. Eager to get some science data collected, she and 
the other staff tended to select observing proposals that looked to be 
fairly easy to do from the highest-ranked group. If the conditions 
weren’t right for the top programs, they moved down the list until they 
found a suitable program to execute. 

The data Gemini staff collected with OSCIR formed the basis for 
Gemini’s first major science result, announced in a press release the 
following year, as had become the norm at all major observatories. A 
team of seven researchers, led by Eric Perlman, an astronomer at the 
University of Maryland, used OSCIR to look at M87, an elliptical gal- 
axy in the constellation Virgo some 50 million light-years away.*> While 
Gemini’s secondary mirror subtracted the sky background, OSCIR’s 
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mid-infrared detectors peered through the dust that obscured optical 
radiation at the faraway galaxy for seven hours and produced several 
images. These were the most sensitive mid-infrared images yet taken 
with a ground-based telescope. 

Astronomers had been interested in M87 for several decades. A mas- 
sive jet of dust and gas appeared to stream away from it for thousands 
of light-years. Most theorists believed this plume was generated by a 
massive black hole at the galaxy’s center whose signature, a bright 
optical and infrared emission in the region around the black hole, 
Perlman and others had imaged with the Hubble Space Telescope in 
1998. The jet coming from M87 originates in a disk of superheated gas 
swirling around this black hole and is propelled and concentrated by 
intense, twisted magnetic fields. The light that can be seen is produced 
by electrons twisting along magnetic field lines in the jet, a process 
known as synchrotron radiation. With OSCIR, Perlman’s group saw 
several bright knots in the synchrotron jet emanating from M87, which 
they compared with images produced by radio, optical, and x-ray tele- 
scopes. 

Until the observations that Perlman’s team made of M87, astrono- 
mers thought all black holes were surrounded by a massive doughnut- 
shaped cloud of warm gas and dust, which they had seen before. This 
dusty torus absorbs high-energy radiation from material that is heated 
before it falls into the black hole and re-emits it at infrared wave- 
lengths, but its small size and location in M87’s dusty environment pre- 
vented astronomers from imaging it. Contrary to expectations, the 
observations Perlman’s team made did not show the bright thermal 
emission they expected. Instead, the torus region in M87 wat’about a 
thousand times fainter than the Jets coming out from it i 20 
pared to other well-studied active galactic nuclei. The observations 
also suggested that, if there were a torus around M87’s black hole, it 
contained far less material than other similar objects. 

Perlman’s observations earned him (and Gemini) press coverage in 
major science journals. Just as importantly, the observations showed 
Gemini’s former detractors and future user community that it was ca- 
pable of producing good science. At the June 2001 meeting of the 
American Astronomical Society, Gemini had its scientific coming- 
out party. Astronomers, including Perlman, presented several papers 
based on data collected at Gemini to an appreciative and interested 
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audience of about two hundred people, many of whom would go on to 
apply for observing time themselves. For Mountain, discoveries such 
as Perlman’s were proof Gemini was an excellent infrared telescope. 
They also suggested research areas in which Gemini could outperform 
more established facilities like Keck and Hubble. 

After returning home, Cété reflected on her experience using Gem- 
ini. Because Gemini was still being debugged, she found it “still very 
capricious. But when it was working it was great.”** Compared to the 
smaller telescopes she had used before, Gemini was quite different. 
“The bigger the telescope,” she said, “the more removed you are from 
its workings.” With a smaller telescope, Coté would do everything ob- 
serving at night required. In contrast, Gemini needed several people 
to do what she called the “direct talking to the telescope.” As the as- 
tronomer in charge, Cété described her role as comparable to the 
“manager of a team” who made choices such as what targets to point at 
or what system calibration to run. “Bonding with the telescope,” as she 
phrased it, still took place. This, however, happened not so much while 
using the telescope but rather when she went into the dome, saw the 
stars reflected in the giant mirror, and watched its shadowy form in the 
dark, its motion controlled by computers. “The process of observing 
has changed quite radically,” Mountain commented. “If you don’t in- 
vest time in learning the complexity, you find the observing has gone 
beyond you. It’s the machine that does the observing, not you.” 


Conclusion: Telescopes, Postwar 
Science, and the Next Big Machine 


On Valentine’s Day 2002, I visited John Huchra at his office at the 
Harvard-Smithsonian Center for Astrophysics. Radio stations that 
morning had announced the death of Waylon Jennings and, as I took 
off my coat and took out my tape recorder, the astronomer played 
a song cowritten by the country singer. “The Highwayman” tells of 
a bold and solitary spirit sailing a starship across an eternal divide. 
“That,” Huchra reflected, “is what astronomy is all about.” 

Huchra had come a long way since his days as a graduate student at 
Caltech when Jesse Greenstein flunked him during his Ph.D. qualifier. 
The embarrassment, Huchra claimed, made him set a goal (reached 
in the early 1990s) of outpublishing Greenstein.! By 2002, over 500 pa- 
pers featured Huchra’s name, making him one of the most cited as- 
tronomers in history. wr 

At Caltech, Huchra learned how to use a telescope by re 25 small, 
working with faculty mentors and other students, and getting what he 
called a “feel for the organism.” “As an observer, one of the key things 
that enabled me to do things was that I spent so much time looking at 
the universe,” he said, “through a telescope.” By 2002, he probably had 
spent as much time at a telescope as anyone else in the world. For 
Huchra and many others, the solitude of nighttime scientific research 
was part of why they became astronomers in the first place. Macho 
phrases such as “attacking the night” and “being in the slot” animated 
Huchra’s descriptions of what telescope observing was like. “There is a 
certain romance in doing astronomy,” Huchra noted, “in going to in- 
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teresting places, and being one person against the darkness while try- 
ing to discover things.” 

To astronomers like Huchra, the advent of new observatories like 
Gemini and the Very Large Telescope represented the closing of an 
era and, with it, a loss of the romance they associated with telescopic 
observing. “One of my biggest fears is that the new generation of tele- 
scopes, which is wonderful for astronomy, may be bad for astronomers. 
In the sense that we are at the stage where they don’t want to go to the 
telescope,” Huchra said. “I think it’s going to change who becomes an 
astronomer. I think we’ll lose the romantics.” 

In the introduction to this book, I note that many characteristic fea- 
tures of high-energy physics are abnormal in science. Big Science as 
exemplified by endeavors like particle physics, the Human Genome 
Project, and fusion experiments is but one extreme toward which the 
scientific enterprise can move. If one accepts the traditional metrics 
(copious funding, big machines, and large teams of researchers) that 
demarcate what historians and scientists have broadly defined as Big 
Science, then it is clear that traditional optical astronomy has gravi- 
tated steadily in the last 30 years toward this pole. 

As a student, Matt Mountain helped write software code for a big 
physics experiment at CERN. Mountain later found that using a small 
telescope in the Canary Islands was more to his liking. Mountain re- 

called that at CERN “you ended up as a small part of a very big team. 
In 20-20 hindsight, this is now the model I am promoting for astron- 
omy. The irony is rich.”> Mountain’s perspective, as Gemini’s lead 
scientist and then its director, about the path astronomy had taken 
in the postwar period was not unique. The consensus of most astrono- 
mers I interviewed was that they had experienced a metamorphosis 
of astronomy that began after 1980 and continued accelerating 
through the 1990s. Scientists freely acknowledged optical astronomy’s 
resemblance to high-energy physics, as evidenced by larger research 
teams addressing common research problems, an increased reliance 
on automated and computerized tasks; international collaborations 
to build bigger and more expensive equipment, and a growing separa- 
tion between observers, instrumentalists, and theorists. They experi- 
enced this transition most noticeably during the period in which 
they planned, designed, and built the current generation of new tele- 
scopes. Many scientists believed that astronomy’s growing resemblance 
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to particle physics simply reflected the field’s inevitable “natural 
evolution.” 

After the dedication of the 200-inch on Palomar, the federal govern- 
ment became American astronomy’s major sponsor. Successfully de- 
veloping support for a new observatory required considerable com- 
munity activism, something that physicists learned long ago. In the 
postwar political economy, the decadal reviews prepared by senior as- 
tronomers under the guidance of the National Academy of Sciences 
became powerful tools that helped determine which new facilities 
would be built. Only with the enlistment of patrons to provide money, 
advocates to guide the project through difficult times, and shrewd po- 
litical lobbying to offset any opposition could large telescopes begin to 
emerge from the realm of blueprints and meeting minutes. Failure to 
have all of these elements in place could have catastrophic conse- 
quences, as witnessed by the demise of the National New Technology 
Telescope or, more visibly for physicists, the 1993 cancellation of the 
Superconducting Super Collider. Gemini’s completion was as much a 
triumph of political and managerial proficiency as of scientific and 
technical prowess. 

At observatories like Gemini, nightly use of a large telescope be- 
came a coordinated effort involving many people with specialized 
skills and defined roles. The individual research astronomer was no 
longer a central or even essential part of the actual data-collection 
chain. John Huchra predicted that the introduction of more complex 
instruments and adaptive optics systems would push optical astronomy 
further toward the pole exemplified by high-energy physics. “On a re- 
ally big telescope you might end up having five or six people sitting at 
different consoles, each of whom [is] operating different piech of the 
telescope. You'll have a telescope operator whose job is primarily to 
point the telescope,” he said. “You'll have an adaptive optics specialist 
whose job will be to keep the system running, including perhaps an 
artificial star laser. You’ll have somebody who is a mirror specialist. 
Then you'll have the astronomer and the data reduction analyst sitting 
there, all at the same time.”5 

In some cases, astronomers explicitly compared their new obser- 
vatories to particle accelerators. “The telescope,” said Mountain, “is 
almost like an accelerator these days. We produce high quality, cor- 
rected beams of light pointed in the right direction at good instru- 
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ments and detectors and collect the data.”° Modern telescopes, of 
course, are not identical to accelerators. An accelerator creates its 
own transient phenomena, which scientists analyze. Astronomers are 
not creating novel experimental conditions at the observatory. Their 
work, whether done in person or remotely, remains intimately con- 
nected to phenomena as local as cloudy night skies. 

Teams of interdisciplinary workers became, of course, one of the 
defining features of postwar large-scale physics. Alan Thorndike of 
Brookhaven National Laboratory’s Cloud Chamber Group remarked 
in 1967, “The experimenter then is not one person, but a composite. 
He might be 3, more likely 5 or 8, possibly as many as 10, 20, or more 
... One thing, however, he certainly is not. He is not the traditional 
image of a cloistered scientist working in isolation at his laboratory 
bench.” 

Most publications of contemporary astronomers, unlike particle 
physicists, are not written by scores of authors whose individual contri- 
butions are difficult to determine. The average number of authors 
on an astronomy paper (including theoretical papers, which tend to 
have fewer authors) began to increase noticeably after 1970 but, in 
2000, still remained just under four.’ There were noticeable excep- 
tions, however, as astronomers formed large teams to tackle specific 
scientific problems. In the late 1998, for example, two groups of rival 
scientists announced that distant supernovae were farther away than 
expected. This discovery provided evidence that the expansion of the 
universe was accelerating and was called the breakthrough of the year 
by Science magazine.’ Over 40 scientists in all shared the honor. With 
astronomers undertaking more big projects, such extreme examples 
of multiauthor papers combining the talents of observers, instrument 
wizards, theoreticians, graduate students, and postdocs promised to 
become more commonplace. 

In the 1960s, particle physicists adopted a host of prepackaged pro- 
grams to accommodate the increasing amount of data produced by ac- 
celerators and recorded by bubble chambers. These data analysis pro- 
grams, many of which were automated, were widely distributed among 
laboratories. The programs commandeered the “sanctum sanctorum 
of the physicist’s physics,” taking over tasks that previously had defined 
what it meant to be an experimental physicist.!° In the early 1980s, sim- 
ilar prepackaged software packages designed for astronomy appeared. 
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Astronomers at Kitt Peak National Observatory helped lead the way 
in developing community software that offered standardized tools for 
data reduction." By the end of the decade, scientists around the world 
had adopted programs like Kitt Peak’s IRAF (Interactive Reduction 
and Analysis Facility) as part of their basic toolkit, despite com- 
ments from some scientists that they represented a form of “creeping 
socialism.”!? 

The distribution of communally shared software tools was part of as- 
tronomers’ reaction to the increasingly digital nature of the data their 
telescopes collected. Programs like IRAF reduced data to a common 
format and helped pave the way for electronic data archives. Data col- 
lected by national facilities like the Hubble Space Telescope and Gem- 
ini was placed, after an initial proprietary period, in archives that all 
scientists could access. These repositories not only served as perma- 
nent resources for scientists, but they offered the potential of im- 
proved observatory management by allowing statistical studies of tele- 
scope use,!8 

Enthusiasm and debate about digital data archives was fueled by 
articles in leading science journals describing what astronomers began 
to call the National Virtual Observatory. The idea was to pull together 
the data collected by telescopes at many different wavelengths from 
around the world (and from space) and deposit it in a single ar- 
chive that any astronomer, regardless of institutional affiliation, could 
search. The possibility of bigger survey telescopes was one impetus for 
the NVO. The Sloan Digital Sky Survey came online in 2000 and re- 
leased its first data several months later. Meanwhile, Roger Angel and 
other astronomers proposed an even more ambitious peta vine 
Synoptic Survey Telescope. Using a special optical design, its 8.4-meter 
mirror would collect over a dozen terabytes of data every night, en- 
abling research on the distribution of dark matter” and perhaps alert- 
ing astronomers to the presence of near-earth asteroids. The increased 
capability and reduced cost of computers, the emergence of the Inter- 
net and the Web as legitimate research tools, and the exponentially 
growing flood of information collected nightly by new telescopes all 
drove astronomers’ interest in the NVO.4 

NVO advocates gushed about its possibilities and journalists described 
it with phrases such as “mining the sky.” “For all the clever people who 
don’t have access to a big telescope, NVO will allow them to do first- 
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rate observational astronomy,” said George Djorgovski of Caltech. An- 
other scientist claimed it could “lead to a true democratization of 
astronomy.”!® Not everyone was so sanguine. One astronomer pre- 
dicted that virtual observatories would only help “breed a generation 
of astronomers who sift through data without knowing about instru- 
ments. ”16 

In May 2000, the National Academy of Sciences released its fifth de- 
cadal survey. Chaired for the first time by two astronomers, Nobel lau- 
reate Joseph Taylor of Princeton and Christopher McKee from Berke- 
ley, the committee recommended spending $60 million on the NVO 
over the next ten years to link “major astronomical data assets into an 
integrated, but virtual, system.”!” This endorsement gave further impe- 
tus to astronomers’ plans for some form of an easily accessible national 
database of astronomical research. 

Like scientists’ plans to use their telescopes in new ways, discus- 
sion about virtual observatories sparked debate over what it meant to 
be an astronomer. The NVO, one advocate claimed, would make get- 
ting data and doing routine observations from one’s own telescope “a 
thing of the past” because “astronomers will instead get their data 
through data bases.” Stories reported in major journals like Science and 
Nature fed concerns among astronomers about the future of their field 
and the entire nature of scientific discovery. Where once being an as- 
tronomer meant adhering to a demanding and uncomfortable night- 
time observing schedule, science journalists remarked that “astrono- 
mers keep the same hours . . . and go through the same motions as 
everyone else: they come to their office in the morning, sit down at a 
work station, and surf the net.”!® This was a far cry from the romantic 
image of the solitary watcher of the cosmos presented a half-century 
earlier. 

Debates among scientists about how to deal with the growing tor- 
rent of data from new and bigger machines represented a stage of de- 
velopment in the astronomy community that physicists had passed 
through long before. In the 1960s, physicists held opposing views 
about how they should analyze the thousands of events recorded in 
bubble chambers, and competition between human-centered and 
fully automatic data readers was contentious. Berkeley’s Luis Alvarez 
placed a premium on people personally interacting with the data on at 
least some level via computing and measuring devices. At CERN, how- 
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ever, the emphasis was on using automated systems to read bubble 
chamber photographs, replacing human intervention altogether. As 
Alvarez noted in 1963, in choosing a path, one must consider both 
“economic factors, and one’s basic philosophy about the interaction of 
physicists with their own data.”!° 

Astronomers’ contemporary debates about telescope use, virtual ob- 
servatories, and data mining are strikingly similar in tone and content 
to those of physicists forty years earlier. At a 1964 meeting of particle 
physicists, one scientist commented that mining data bases “frightens 
me a little because it would mean that in a few years if one wants to do 
a high energy experiment one would not go to start a new experiment 
but one would just go to the archives, get a few magnetic tapes, and 
start to scan the tapes from a new point of view. That would be the 
experiment.” Another physicist commented, “It is important for the 
physicist to examine his data to look for the unexpected. If the results 
come only exactly as planned, very little is learned.” The same might 
have easily been said by an astronomer in 1998 arguing in favor of clas- 
sical observing.*° 

The parallels noted thus far between contemporary ground-based 
astronomy and a “pathological” example of Big Science like high-en- 
ergy physics exist mainly within the confines of the observatory. They 
are connected to issues such as the best way to use telescopes, the au- 
tonomy of the individual researcher, control over equipment, how pa- 
pers are written, and the handling of larger amounts of data. What 
similarities do we see when we consider the broader history of science 
in the twentieth century? One of the most salient is scientists’ persis- 
tent eagerness for what may be called the “Next Big Machiné”2} 

In the early twentieth century, George Ellery Hale’s efforts to ob- 
tain new and ever-larger telescopes for the Mount Wilson Observatory 
were remarkable for many reasons. Chief among these was that Hale, 
an inveterate planner and consummate politician, was constantly 
thinking about the Next Big Machine. In 1908, when the 60-inch tele- 
scope on Mount Wilson was completed, Hale had already begun ma- 
neuvering for the 100-inch. Once this was built, he lobbied the Rocke- 
feller Foundation for money to build the 200-inch. 

In physics, Ernest O. Lawrence followed a similar pattern. In 1931, 
the cyclotron was a table-top instrument that a scientist could build for 
less than $1,000. Through his charisma and his association of big- 
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ger tools for physics with the possibility of medical cures, Lawrence 
opened the coffers of the Rockefeller Foundation and the state of Cali- 
fornia to build new machines at Berkeley’s Radiation Laboratory. By 
1939, the cyclotrons Lawrence oversaw at the Rad Lab were massive de- 
vices costing a thousand times more money than their predecessors. 

The efforts of Hale and Lawrence to build bigger instruments sug- 
gest more than just a superficial resemblance between astronomy and 
large-scale physics. This history not only reflects truths about science 
instruments that remained valid in the immediate postwar period but 
may also shape the efforts of astronomers who build the Next Big Ma- 
chine in the twenty-first century. First, scientists desire new and bigger 
instruments in the belief that they enable new discoveries. Second, the 
length of time it takes scientists to raise funds for, design, and build 
new and larger facilities is significant enough that planning for the 
Next Big Machine often must take place before scientists have ex- 
hausted the usefulness of current instruments. Third, new and bigger 
machines, whether for astronomy, space research, oceanography, or 
particle physics, may catalyze changes in a research community’s soci- 
ology and priorities. Perhaps most importantly, achieving the Next Big 
Machine is often critical not only to scientists’ careers but also to the 
institutional health of observatories and laboratories. 

These issues warrant further scrutiny in light of astronomers’ recent 
successes in building the current generation of large telescopes like 
Keck and Gemini as well as their appetite for even more ambitious 
telescopes. It is clear that building new and bigger research facilities 
is seen by many researchers—physicists, astronomers, and others—as 
part of the continued expansion and health of their discipline. What 
are the effects, however, of failing to build the Next Big Machine? 

The concept of a national system of facilities for ground-based opti- 
cal astronomy was controversial from the moment Leo Goldberg and 
others in the 1950s advocated for it. The continued expansion and 
federal support of Kitt Peak and Cerro Tololo drew the ire and con- 
cern of people like Jesse Greenstein and many of his colleagues at in- 
stitutions with access to privately operated telescopes. The institutional 
health of the U.S. national observatory was greatly affected by its fail- 
ure to build the 25-meter Next Generation Telescope and later the 15- 
meter National New Technology Telescope. The final blow came when 
the Gemini board formally severed the connection between the twin 8- 
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meter telescopes and the National Optical Astronomy Observatories 
in the early 1990s, thereby eliminating any control NOAO might have 
had over building a bigger telescope facility. As Goetz Oertel noted, 
“Gemini does not prop up the national observatory the way a national 
8-meter project would have done and the way its four meter telescopes 
did.”22 NOAO’s failure to build the Next Big Machine froze it in an era 
of 4-meter-class telescopes, while disagreement over the observatory’s 
mission fostered confusion and rancor in the science community. 

For those scientists who resented the NSF’s support of NOAO or be- 
lieved resources should be spent elsewhere, the separation of Gemini 
from the national observatory was a positive step. Less obvious is 
what it was a step toward. From the mid-1970s onward, the astronomy 
community has been divided by questions about the role that AURA 
and the national observatory should take (or be given). In 1976, Leo 
Goldberg proposed a more prominent role for Kitt Peak that entailed 
operating even bigger national telescopes. Anger from astronomers 
at places like Caltech helped curtail this ambition. A decade later, 
AURA’s advisors recommended the national observatory pursue a 
“first among equals” approach. Ultimately, this philosophy led to no 
new, larger facilities for the national observatory. 

Despite their intentions, these efforts did not resolve the en- 
trenched dissension within the astronomy community over enduring 
issues such the role of the national observatory, the types of facilities 
the national observatory should operate, and how access to national 
telescopes should be granted. In the mid-1990s, the debate surfaced 
once again. 

One influential viewpoint was offered by Sandra Faber ope Uni- 
versity of California (an institution with considerable access to private 
facilities) in a widely circulated letter.23 Faber, who did her dissertation 
research at Kitt Peak, was struck by differences between the national 
radio and optical facilities, especially how these were perceived by 
their constituencies. The national optical observatory had never got 
“squarely out in front of the technical challenges” posed by astrono- 
mers while its user community was “more fragmented, less senior, less 
committed,” circumstances that, according to her, ultimately circum- 
scribed its influence. NOAO, placed in the unenviable position of 
competing to build cutting-edge facilities with groups that had sub- 
stantial private resources while still serving those without their own 
telescopes, confronted a paralyzing tension. One solution, Faber sug- 
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gested, was for the NSF to “give away all existing NOAO facilities” 
to university and private consortia, which would presumably operate 
them more efficiently. 

These criticisms damaged morale further at the national observa- 

tory and outraged some astronomers, especially those who relied on 
the national telescopes. As a former president of the American Astro- 
nomical Society from a large Midwestern school said, “They [astron- 
omy’s “haves”] don’t give a flying fuck about the rest of us. They would 
just as soon take it all.”*4 Steve Strom, as chair of Massachusetts’s Five 
College Astronomy Department, formally responded to Faber’s cri- 
tique. Historically, astronomy’s “most senior and influential voices” 
had refused to accept that the national observatory could take a “lead 
role in developing frontier facilities.” Enumerating how the elitism 
inherent in Faber’s proposal would be detrimental to the overall com- 
munity, Strom opined that American astronomers “must squarely face 
a choice between two different visions of the future.” The optical 
community could either emulate American radio astronomers and 
the international optical community and support a healthy national 
observatory or return to an era when “a privileged few” dominated 
the field.?° 
_ Responding to the renewed sense of confusion and crisis (which in 
the eyes of some had never gone away), the National Academy of 
Sciences released two reports within five years that addressed NOAO’s 
future. The first report, issued in 1995, concluded that the NSF’s sup- 
port of optical astronomy needed to give highest priority to Gemini, 
even if this meant closing smaller telescopes at Kitt Peak and Cerro 
Tololo. NOAO, it concluded, was not nor would be preeminent in 
all areas of optical astronomy. Instead, it should concentrate only on 
those areas “where it has the best chances to assert scientific leader- 
ship.”?” 

The 2000 McKee-Taylor decadal survey reached an even larger audi- 
ence. Academy reports for fields like astronomy frequently clothed 
criticisms and recommendations in bland language. In contrast, the 
McKee-Taylor report surprised many with its candor. Of the three com- 
ponents that comprise America’s national observatory system—radio 
astronomy, solar astronomy, and optical/infrared astronomy—the first 
two were functioning well. However, the latter, according to the survey, 
was essentially broken. 

While scientists had come to accept and rely on national observa- 
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tories to do research in radio and solar astronomy, optical astronomy 
still enjoyed many privately funded telescopes that competed very 
successfully with the national system. This weakened the national ob- 
servatory’s influence and reduced its potential importance. From the 
1970s onward, influential members of the optical astronomy commu- 
nity (unlike radio astronomers) had rejected plans for larger national 
facilities at Kitt Peak and elsewhere. NOAO’s poor health was one un- 
fortunate result of the failure to achieve unity and consensus and build 
the Next Big Machine. 

Such ill effects were not limited to American astronomy. In the 
United Kingdom, the rejection of plans championed by Alec Boksen- 
berg and the Royal Greenwich Observatory to place the next big Brit- 
ish telescope on La Palma had contributed significantly to the decline 
and eventual closure of that venerable institution in 1998. The results 
of not building (or not being able to build) the Next Big Machine 
were not confined to astronomy, either. The history of high-energy 
physics offers numerous examples in which the failure to construct an- 
other more powerful accelerator spelled doom and suggests another, 
albeit less sanguine, link between the two fields. In the 1980s, for 
example, Brookhaven National Laboratory was in the midst of devel- 
oping an innovative and expensive new particle accelerator called 
ISABELLE. Difficulties with the proton-proton collider’s design and 
subsequent cost and schedule slips led the Department of Energy to 
kill the program and, ironically, transfer support to the Superconduct- 
ing Super Collider, itself eventually canceled. The effects on Brook- 
haven were severe, far-reaching, and caused, among other things, a 
major shift in the lab’s priorities from high-energy to nuclearfhysics.?8 
Instances from other scientific fields—space science, ned i ex- 
periments, oceanography—all testify that the health of scientific insti- 
tutions (and even scientific communities) can be hurt when they fail 
to build the Next Big Machine. 

Questions about the Next Big Machine go beyond the declining for- 
tunes of particular institutions. First, not all astronomers believe that a 
larger telescope equals a better telescope. Recall that in the 1970s, 
when Goldberg and astronomers at Kitt Peak were considering designs 
for the Next Generation Telescope, one possibility was a suite of many 
small telescopes. Supporters of this proposal argued that small tele- 
scopes were a way to increase the community’s light-collecting area in 
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a democratic and cost-effective way while avoiding the path high-en- 
ergy physicists had taken in clustering around a few large laborato- 
ries.*® Advocates of this view did not persuade the astronomy commu- 
nity that smaller might be better. 

As astronomers won support plans for ever-bigger telescopes in the 
1980s, small telescopes continued to rack up remarkable scientific dis- 
coveries. Most of the data Huchra and Geller used for the Cambridge 
redshift survey was collected with relatively small telescopes. Astrono- 
mers also detected the first extrasolar planet using only a 1.9-meter 
telescope. Moreover, statistical studies suggested that the majority of 
astronomical publications (up to 75 percent) were still based on data 
collected at ground-based optical telescopes smaller than 4 meters. 
Helmut Abt, a longtime Kitt Peak scientist and former editor of The As- 
trophysical Journal, concluded that the prevailing tendency of National 
Academy studies to recommend closing smaller telescopes in favor of 
supporting and building bigger ones was “unrealistic, biased, and a 
disservice to astronomy.” 

Such evidence suggests that there was nothing inevitable or natural 
about the gravitation of astronomers toward bigger telescopes and 
other features commonly found in high-energy physics. To believe oth- 
erwise is to embrace a form of determinism. Telescopes, after all, are 
social constructions built by astronomers and engineers. The decision 
to build bigger is not imposed on the science community. One has to 
ask whether building bigger telescopes remains a sustainable strategy 
as they, their instruments, and their operating costs become more ex- 
pensive. 

The international astronomy and telescope engineering communi- 
ties, in many ways, had surprised themselves by successfully summon- 
ing the will and resources to produce the biggest burst in telescope 
construction ever. In twenty-five years they had effectively increased 
the amount of aluminum-coated glass trained on the heavens more 
than twenty-fold. Just as remarkable were the successes of astronomers 
and engineers in overcoming the technical difficulties posed by their 
desire to increase the size of their telescopes’ light-collecting areas 
while simultaneously keeping cost and weight at a minimum. By 2000, 
astronomers had three different and apparently successful technolo- 
gies around which they could build large telescopes. Jerry Nelson’s 
segmented design was working nightly at the Keck Telescopes. Gemini 
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helped prove critics of lightweight thin meniscus mirrors wrong. And, 
in January 1997, Roger Angel’s Mirror Lab finally cast the first mirror 
for the Large Binocular Telescope, an 8.4-meter piece of glass that was 
the world’s largest monolithic mirror. 

In the late 1990s, astronomers began to discuss the Next Big Ma- 
chine for ground-based astronomy and their plans gained momentum. 
The McKee-Taylor survey committee gave substance to rumors and 
lunchroom talk when it recommended a 30-meter telescope as a major 
American priority for the next decade. Meanwhile, ESO and others 
in the European community were seriously considering the construc- 
tion of OWL, a clever acronym for the Overwhelmingly Large Tele- 
scope, an astronomy facility with a light-collecting area 100 meters in 
diameter.*! 

For telescopes of this size, even Angel’s Mirror Lab could not hope 
to compete. The segmented design used in the Keck Telescopes was 
the only route to facilities of this scale. Their projected costs were as 
shocking as astronomers’ ambitions—estimates for the Next Big Ma- 
chine ranged from $700 million for a 30-meter to over $1 billion for 
OWL. As a result, astronomers could not anticipate having a dozen or 
more of these behemoths at their disposal, as they do now with 8- to 
10-meter telescopes. If construction and operating estimates were ac- 
curate, only a few such facilities could be financed worldwide. Simply 
put, not everyone can afford to build bigger and better telescopes. 
This raises questions about how the world’s astronomers might share 
observing time at such hypothetical facilities and suggests another in- 
stance in which astronomy is gravitating toward the model of high-en- 


ergy physics. ' 

Or does it? On October 28, 2001, the New York Times ran a head- 
line “Intel Founder Gives $600 Million to Caltech.” Semiconductor pi- 
oneer and Caltech graduate Gordon Moore set a new record in philan- 
thropy when he and his wife announced the largest gift ever to a 
university. Caltech’s president, David Baltimore, predicted the money 
would strengthen the university’s research in existing programs. One 
of the items reputed to be on Caltech’s wish list was a giant new optical 
telescope to be shared, like Keck, with the University of California.?? A 
year later, Caltech and the University of California were funding de- 
sign studies at several million dollars a year while California astrono- 
mers were eagerly exploring how a new privately owned 30-meter tele- 
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scope (called CELT for California Extremely Large Telescope) might 
contribute to their astronomical research. By 2002, CELT was the cen- 
terpiece of a campaign to raise $1.4 billion for Caltech, and the possi- 
bility of a 30-meter telescope excited Richard Ellis enough to lure him 
from Cambridge University to a new position in Pasadena. 

News of Caltech’s massive new bequest and subsequent progress fos- 
tered a feeling of déja-vu, a repeat of circumstances in the 1980s that 
led to Gemini—a large philanthropic gift from a rich donor was en- 
abling California astronomers to surge ahead toward their next large 
telescope. As Matt Mountain told Science, “CELT certainly has the mo- 
mentum and the attention of the rest of the community.”** Meanwhile, 
NOAO nurtured its own plans for a 30-meter-class telescope but re- 
mained hampered by funding shortages and a lack of unified support 
in the general astronomy community. Many believed international col- 
laboration or some form of public-private partnership was probably 
the path NOAO would have to take to acquire bigger facilities. 

Despite all of the similarities described thus far between optical as- 
tronomy and high-energy physics, one critical difference remains. Un- 
like high-energy physics, radio astronomy, space-based research, and 
many other areas of science, private and state institutions still domi- 
nate ground-based optical astronomy in the United States. Of the total 
light-collecting area American astronomers had at their disposal in 
2002, only 22 percent was accessible to the entire science community. 
Jesse Greenstein’s fear that national facilities would soon outstrip the 
power of independent observatories has not been realized; and, de- 
spite all of the profound and sometimes wrenching technological and 
sociological changes experienced by the astronomy community since 
1950, the tradition of privately funded telescopes continues as strong 
as ever. This tenacious feature, a relic from the decades before World 
War II, set American astronomy apart from high-energy physics, whose 
practitioners long ago embraced a system of federally funded national 
laboratories that both cooperate and compete with one another. In 
this respect, astronomy at the close of the twentieth century resembled 
the well-publicized and contentious rivalry between privately funded 
companies like Celera and the federally funded National Institutes of 
Health to complete the Human Genome Project. 

European and Japanese astronomers, whose resources come only 
from government sponsorship, have avoided what some see as the “de- 
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structive ‘balkanization’ of US ground-based astronomy.”* At a public 
hearing at the National Academy of Sciences in July 2001, Riccardo 
Giacconi, ESO’s former director and future Nobel laureate, warned 
that American astronomers were in danger of being overtaken by 
their more unified European counterparts. ESO, he said, built its Very 
Large Telescope array as a “single machine to do science.” Success 
with the VLT, Giacconi said, poised ESO to build its own Next Big Ma- 
chine like the Overwhelmingly Large Telescope. A poor precedent was 
set decades earlier, Giacconi observed, when fortunate astronomers at 
Carnegie and Caltech had access to the world’s largest telescope while 
astronomers using Kitt Peak were relegated to smaller facilities. In the 
United States, he concluded, the basic problem was not a lack of tech- 
nology or funding. It was sociological and originated with the inability 
of private and national observatories to cooperate.*° 

Looking to the future, the importance of and emphasis on build- 
ing the Next Big Machine for astronomy poses serious implications 
for institutions like the national observatory and universities as well 
as national science policy. With the release of the McKee-Taylor de- 
cadal survey, astronomers in the United States began to talk with 
more vigor about reshaping American ground-based optical astron- 
omy as a “single integrated system.” Stiff competition from the more 
united European astronomy community has been one spur, as were 
comments from people like Robert Eisenstein, the NSF’s Director of 
Mathematical and Physical Sciences. In December 2000, prominent 
astronomers from public and private observatories gathered for a 
semiannual meeting at the National Academy of Sciences. ie 
warned them that the “days of entitlement for astronomy wete over.” 
The astronomy community, he said, desperately needed to speak with 
a single unified voice—as the high-energy physicists had done decades 
earlier, he noted—to ensure funding for the Next Big Machine.2” 

What remained to be seen was how the integration of the private 
and public observatories might be achieved. What incentive was there 
for scientists from historically independent institutions like Caltech or 
the Carnegie Observatories to combine forces and funding with gov- 
ernment entities like NOAO? Carnegie’s Alan Dressler offered one 
hopeful view at the Academy meeting. He compared the current land- 
scape of astronomy to a biological ecosystem in which each telescope 
had its own niche that was part of an integrated whole. Embracing this 
analogy, he suggested, could help heal the wounds caused by “decades 
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of non-productive, even destructive competition between national and 
university/independent observatories. ”* 

Such language—ecosystem, niche, single integrated system—sug- 
gested that astronomers’ conceptualization of the telescope had con- 
tinued to evolve. Fifty years previously, the telescope has been under- 
stood as a system of separate parts, including the mirror, truss, and 
dome. A half-century later, astronomers thought of their principal re- 
search tool as a “hyper-telescope.” The observatory had become a 
complex assemblage of intimately interconnected and interdependent 
optical, mechanical, and computer systems, with the telescope simply 
the most visible node of an astronomical data-collecting network. The 
emergence of the “hyper-telescope” began to give rise to optimistic 
talk of an entire network of observatories, all cooperatively linked yet 
each maintaining some degree of autonomy, which together would en- 
able the best science research. 

While concerns held by scientists about the equitable distribution of 
America’s astronomical resources have not entirely disappeared, en- 
couraging signs of reconciliation have begun to appear among astron- 
omers and science managers. For example, private observatories like 
Keck have opened their doors partway to visiting astronomers in a re- 
ciprocal exchange for additional NSF support and a public-private 
partnership featuring the University of Arizona and NOAO has been 
seriously considering a giant telescope to scan the entire night sky 
weekly. Even more dramatic was the formal agreement in May 2003 be- 
tween representatives of AURA, Caltech, and the University of Califor- 
nia that recognized that cooperation among them was necessary to re- 
alize a 30-meter mega-telescope for U.S. scientists. 

In 1978, shortly before retiring from Caltech, Jesse Greenstein said, 
“I think wanting too many telescopes is an American disease.” This 
craving, he said, had forced scientists to choose between “democratic 
choice” and “elitist, snobbish concentration of effort.”*° Astronomers 
and engineers built the Gemini Observatory in the space created by 
the tension between these two traditions after scientists like Green- 
stein and Goldberg fought raucous and divisive battles over how their 
community should organize itself, divide its resources, and design 
new telescopes. As American astronomy entered the new millennium, 
these competing voices appeared to have taken the first steps toward 
harmony within observatory domes around the world. 
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GIANT TELESCOPES 
SOURCES 
ABBREVIATIONS 
NOTES 
ACKNOWLEDGMENTS 


INDEX 


Telescope and/or 
institution 


Hale Telescope 


Shane Telescope, 
Lick Observatory 

Mayall Telescope 

Blanco Telescope 


Anglo-Australian 
Telescope 
European Southern 
Observatory 
Bolshoi Azimuthal 
Telescope 
Canada-France- 
Hawaii Telescope 
United Kingdom 
Infrared Telescope 
Multiple Mirror 
Telescope 
William Herschel 
Telescope 
Keck I 


ARC 


GIANT TELESCOPES 


Location 


Palomar Mountain, 
California 

Mount Hamilton, 
California 

Kitt Peak, Arizona 

Cerro Tololo, 
Chile 

Mt. Stromlo, 
Australia 

La Silla, Chile 


Nizhny Arkhyz, 
Russia 

Mauna Kea, 
Hawaii 

Mauna Kea, 
Hawaii 

Mt. Hopkins, 
Arizona 

La Palma, Canary 
Islands 

Mauna Kea, 
Hawaii 

Apache Point, New 
Mexico 
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Mirror size in 
meters (inches) 


5 meters (200") 
3 meters (120") 


4 meters (158") 
4 meters (158") 


3.9 meters (153") 
3.6 meters (141”) 
6 meters (236") 

3.6 meters (141”) 
3.8 meters (150") 
4.5 meters (177") 
4,2 meters (165") 
10 meters (393”) 


3.5 meters (138”) 


Date 
completed 


TT 


1948 


1959 


1973 
1974 


1975 


1976 


1976 


1979 


1979 


1979 


1987 


1993 


1994 


Telescope and/or 

institution 

Starfire Optical 
Range 

WIYN 

Keck II 


Hobby-Eberly 
Telescope 

Very Large 
Telescope 

Subaru Telescope 


Gemini North 


Multiple Mirror 
Telescope (with 
new mirror) 

Walter Baade 
Telescope 

Landon Clay 
Telescope 

Gemini South 


Large Binocular 
Telescope 
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Location 


Albuquerque, New 
Mexico 

Kitt Peak, Arizona 

Mauna Kea, 
Hawaii 

Mt. Fowlkes, Texas 


Cerro Paranal, 
Chile 

Mauna Kea, 
Hawaii 

Mauna Kea, 
Hawaii 

Mt. Hopkins, 
Arizona 


Las Campanas, 
Chile 

Las Campanas, 
Chile 

Cerro Pachon, 
Chile 

Mount Graham, 
Arizona 


Mirror size in 
meters (inches) 


3.5 meters (138”") 


3.5 meters (138") 
10 meters (393”) 


9.2 meters (363”) 
4 X 8.2 meters 
(322” each) 
8.3 meters (326”") 
8.1 meters (319”) 


6.5 meters (255”) 


6.5 meters (255”) 
6.5 meters (255”) 
8.1 meters (319") 


2 X 8.4 meters 
(330" each) 


“8 


Date 
completed 


c. 1994 


1994 
1996 


1997 
1998- 
2000 
1999 
1999 


2000 


2000 
2002 
2002 


Est. 2003 


Sources 


The contributions to science from Gemini and the other large telescopes 
discussed in this book are just beginning. As the lifetime of an observatory is 
typically measured in decades, future historians will have the opportunity to 
evaluate the impact of the current generation of large telescopes on the 
practice and intellectual content of astronomy. Nonetheless, researching 
and writing this book gave me access to a wide range of resources that may 
not be available to the historian looking back at this period with an extra 
fifty years of perspective. This brief essay describes the sources I used, how 
they were collected, and how they are referred to in the Notes. 

- The history of Gemini and its precursors spans two eras of communica- 
tion technologies, a fact that poses considerable challenges for the histo- 
rian. Jesse Greenstein’s and Leo Goldberg’s early correspondences with 
each other and their colleagues was handwritten and later typed. By their ca- 
reers’ end, notes and correspondence were often sent via electronic mail. 
The written evidence I used in writing this book was incredibly varied. It in- 
cluded personal correspondence preserved at various archives, papers from 
the working files of different institutions and agencies, and correspondence 
and the personal papers of astronomers who generously allowed me to pe- 
ruse them and copy those of interest. I also made use of formal government 
and project reports, Congressional hearings, as well as published scientific 
and technical papers. 

Archival collections of individual scientists’ papers used included: at the 
California Institute of Technology’s Archives, the papers of Jesse L. Green- 
stein and Bruce Rule; the papers of Leo Goldberg at the Harvard Univer- 
sity Archives; and the papers of Fred Whipple at the Smithsonian Institution 
Archives. 
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Peter Strittmatter graciously gave me supervised access to the working pa- 
pers of the Steward Observatory and the Steward Observatory Mirror Labo- 
ratory at the University of Arizona. An even more valuable source was the 
collection pertaining to Gemini and other telescope projects at the National 
Science Foundation’s Division of Astronomical Society. Wayne Van Citters 
was instrumental in helping me secure access to this. Other than propri- 
etary materials or those dealing with personnel issues, I was given free rein 
to examine this rich collection. Some materials came from Van Citters’s own 
working files, while others belonged to the Astronomy Division’s working 
files. At some point, it is hoped, these government records will be sent to 
the National Records and Archives Administration for preservation. In the 
meantime, copies of documents referred to in the Notes are in the author’s 
possession. 

Papers, technical reports, grant proposals, and oral history transcripts 
from several institutions were also a valuable resource. These included ma- 
terials from the Center for History of Physics at the American Institute of 
Physics; the library at the National Optical Astronomy Observatories; the 
Space History collection at the National Air and Space Museum; and the li- 
brary at the Gemini Observatory in Hilo, Hawaii. 

I was not able to review the private records of the Association of Univer- 
sities for Research in Astronomy. This lack of access, however, did not pres- 
ent an insurmountable obstacle. Duplicate copies of many reports and 
meeting minutes existed in the records of either the NSF or individuals. 
Frank K. Edmondson also supplied a few important AURA-related docu- 
ments from his personal files. 

Finally, several astronomers and engineers granted me access to their per- 
sonal files. These included: Roger Angel at the University of Arizona, Larry 
Barr at NOAO, Richard Ellis at Cambridge University, Robert Gehrz at the 
University of Minnesota, and Goetz Oertel in Washington, D.C.#Phese pa- 
pers not only helped me construct a chronology of events but als¢afforded 
me personal perspectives on events and personalities in the science com- 
munity. 

Oral history interviews were an invaluable tool for understanding events. 
They offered also an opportunity to record the personal experiences and 
impressions of scientists, engineers, and science managers. I conducted over 
120 hours of tape-recorded interviews between 1998 and 2002. I also made 
use of the excellent oral histories found at the Center for History of Phys- 
ics, the Caltech archives, and the National Air and Space Museum. Except 
where indicated in the Notes, all interviews used were conducted by the au- 
thor. Most of these interviews were conducted for this book. However, sev- 
eral were general oral histories that are now part of the formal collection at 
the Niels Bohr Library at the Center for History of Physics in College Park, 
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Maryland. These interview sessions are indicated in the following list with 
an asterisk. While not all interviewees listed are quoted in the book, each 
provided rich and valuable background information and personal recollec- 
tions of particular events and issues. In all cases, interviewees gave their con- 
sent to be interviewed as part of my research. I made an effort to talk to a 
wide variety of people, not just the elite of the science world. I often inter- 
viewed the same person more than once as a way of checking facts and re- 
solving conflicting stories. My use of any interview was tempered, of course, 
with the knowledge that personal memories are selective and people’s recol- 
lections as well as the significance of their memories change over time. 


Interviews 


Helmut Abt (1/20/99 and 10/28/99*; Tucson, Ariz.) 

Roger Angel (9/17/98, 9/25/98, 11/5/98, 11/10/98, 12/9/98, and 
3/19/01*; Tucson, Ariz.) 

John Bahcall (12/2/99; Princeton, NJ.) 

Lawrence Barr (11/17/98, 12/2/98, and 1/13/99; Tucson, Ariz.) 

Jacques Beckers (6/1/99; Chicago, Il.) 

Robert Bless (7/28/00; Madison, Wisc.) 

Todd Boroson (2/16/99 and 1/27/00; Tucson, Ariz.) 

Geoffrey Burbidge (3/17/99; San Diego, Calif.) 

Fred Chaffee (10/27/00; Waimea, Hawaii) 

Ian Corbett (4/6/00; Washington, D.C.) 

Stéphanie Cété (12/19/00; by telephone) 

David Crampton (11/7/00; Victoria, British Columbia) 

Michael Cusanovich (11/2/98; Tucson, Ariz.) 

Roger Davies (6/19/00; Durham, England) 

Warren Davison (2/24/99; Tucson, Ariz.) 

Alan Dressler (11/15/99 in Washington, D.C. and 12/21/00 by telephone) 

Michael Edmunds (6/20/2000; Cardiff, Wales) 

Richard Ellis (5/1/00; Pasadena, Calif.) 

Richard Ellis and Crystal Martin (9/23/00; Palomar, Calif.) 

Sandra Faber (8/1/02*; Santa Cruz, Calif.) 

Alex Filippenko (4/7/01; by telephone) 

Craig Foltz (12/22/98; Tucson, Ariz.) 

Robert Fugate (11/27/00*; Albuquerque, N.M.) 

Robert Gehrz (11/23/98 and 5/25/99; Minneapolis, Minn.) 

Larry Goble (10/29/98; Tucson, Ariz.) 

Donald Hall (10/22/00; Hilo, Hawaii) 

George Herbig (10/ 30/00; Honolulu, Hawaii) 

John Hill (9/23/98, 10/9/98, and 1/11/99; Tucson, Ariz.) 
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James Houck (4/21/02*; Ithaca, N.Y.) 

John Huchra (2/14/02* and 6/25/02*; Cambridge, Mass.) 

John Jefferies (2/26/99; Tucson, Ariz.) 

Karen Kenagy (11/4/98; Tucson, Ariz.) 

Robert Kraft (8/1/02*; Santa Cruz, Calif.) 

Richard Kurz (4/6/00; Tucson, Ariz.) 

Simon Lilly (10/6/99; Washington, D.C.) 

Malcolm Longair (6/15/00; Cambridge, England) 

Frank Low (11/30/98, 2/23/99, and 5/4/00*; Tucson, Ariz.) 

Richard Malow (9/24/99 and 10/13/99; Washington, D.C.) 

Steve Maran (7/25/00; Washington, D.C.) 

Buddy Martin (9/18/98; Tucson, Ariz.) 

Christopher McKee (7/29/02*; Berkeley, Calif.) 

Donald Morton (11/6/00; Victoria, British Columbia) 

Matt Mountain (10/24/00 in Hilo, Hawaii and 11/21/00 by telephone) 

Goetz Oertel (9/24/99, 11/29/99, 3/22/00, 1/21/01*, and 4/9/01*; 
Washington, D.C.) 

J. Beverly Oke (11/7/00; Victoria, British Columbia) 

Jim Oschmann (4/17/02; Tucson, Ariz.) 

Patrick Osmer (6/2/00; Columbus, Ohio) 

Lawrence Randall (7/21/00; Old Forge, N.Y.) 

Marcia Rieke (2/22/99; Tucson, Ariz.) 

Jean-René Roy (11/100 in Hilo, Hawaii and 11/28/01 and 5/7/02 by tele- 
phone) 

Marie Teresa Ruiz (12/8/01; Washington, D.C.) 

Maarten Schmidt (9/21/00; Pasadena, Calif.) 

Malcolm Smith (1/21/02*; La Serena, Chile) 

Peter Strittmatter (9/10/98, 10/14/98, 11/16/98, 12/22/98, and 1/15/99; 
Tucson, Ariz.) ar 

Stephen Strom (1/19/99 and 2/19/99; Tucson, Ariz.) fi 

Virginia Trimble (9/27/00; College Park, Md.) 

Wayne Van Citters (10/6/99 and 7/24/00; Washington, D.C.) 

Gordon Walker (11/7/00; Victoria, British Columbia) 

Russell Warner (11/12/98; Tucson, Ariz.) 

Daniel Watson (11/1/98 and 1 1/8/98; Tucson, Ariz.) 

Neville Woolf (9/21/98, 10/27/98, and 1/20/99; Tucson, Ariz.) 

Sidney Wolff (11/1098, 12/17/98, 2/22/99, and 10/28/99*; Tucson, Ariz.) 


Events and Trips to Observatories 


Since 1998, when I began the research for this book, I have also been fortu- 
nate to attend several notable events that aided my research immeasur- 
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ably—the casting of two large mirrors at the Mirror Lab, public sessions 
sponsored by the National Academy of Sciences and the NSF, meetings of 
the American Astronomical Society, large-telescope conferences, and Gem- 
ini’s dedication in Chile in early 2002 all gave me insights into the political 
and technical aspects of building large telescopes. 

I also spent time at various observatories and telescopes. With the assis- 
tance and patience of several scientists—Richard Ellis, Robert Fugate, Matt 
Mountain, and Malcolm Smith, to name a few—I was able to visit Kitt Peak, 
Gemini North in Hawaii, as well as Gemini South and Cerro Tololo in Chile, 
the 200-inch on Palomar, and Starfire Optical Range in New Mexico. Some 
of this time was actually on the mountain at night; other sessions were spent 
“observing the observers” in control rooms lower down the mountain. My 
goal was simple—to develop a firsthand sense of what being an astronomer 
was like. When I began my research, my understanding of what astronomers 
actually did was naive. I still pictured them as the romantic and solitary 
watchers of the cosmos described in the early parts of this book. This view 
has since been tempered with the reality I observed and, to a small de- 
gree, experienced—computer-bleared eyes, sugary midnight snacks, and 
the sometimes ecstatic but frequently tedious exploration of the cosmos 
with a “beautiful and cantankerous” telescope. 
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Notes 


Introduction: Beautiful and Cantankerous Instruments 


. I have adopted an astronomers’ convention in this book by referring 
to the size of telescopes in English units or in metric units, depending 
on the age of the instrument. For example, astronomers call the Palo- 
mar telescope the “200-inch”—equivalent to about 5 meters—whereas 
telescopes built after 1970 are usually referred to in metric units, such 
as Kitt Peak’s 4-meter (158-inch) telescope in Arizona. These numbers 
describe the diameter of the telescope’s main mirror and not the size 
of the telescope itself. 

. Meinel interviewed by David DeVorkin in “Multiple Mirror Tele- 
scope,” session 6, May 11, 1989 (Smithsonian Videohistory Program, 
Smithsonian Institution Archives, RU 9542), p. 42. Additional infor- 
mation comes from personal communications between Meinel and 
the author. 

. NOAO Press Release (NOAO 99-08), June 25, 1999, AST/NSF Files. 

. The literature on the postwar developments of high-energy physics 
is too vast to give more than a few examples. See, for example, Peter 
Galison, Image and Logic: A Material Culture of Microphysics (Chicago: 
University of Chicago Press, 1997); Daniel J. Kevles, The Physicists: A 
History of a Scientific Community in America (New York: Vintage, 1987). 
Also see Robert Seidel, “Accelerating Science: The Postwar Trans- 
formation of the Radiation Laboratory,” Historical Studies in the Physi- 
cal Sciences 13 (1983):375—400; and Seidel, “A Home for Big Science: 
The Atomic Energy Commission’s Laboratory System,” ibid. 16 
(1986):135-175. 
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Davies, Roger L., 133-134, 169, 174, 190 
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cal Facilities 
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163, 190 
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Future Directions for NOAO Commit- 
tee, 167-168 
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posal for, 183-186; cost of, 184, 193— 
194, 279; mirror for, 184-185, 215— 
223, 226-227, 230-231, 254-255, 256; 
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data collection from, 185-186, 283- 
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Kingdom collaboration on, 189, 191- 
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202; management of, 206-215, 233— 
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210, 214; infrared capabilities of, 211— 
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231; on NSF review, 231-232; corpo- 
rate vs. entrepreneur conflict and, 
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ments for, 271; dedication of, 275— 
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Association of Universities for Re- 
search in Astronomy, Inc., 49; on As- 
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Gramm-Rudman-Hollings Act, 160 

Great Attractor, 165 

Great Wall, 165 


Greenstein, Jesse L.: childhood of, 13; 
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Hulbert, Henry S., 15, 17, 18, 34 
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versity consortium for, 41; Goldberg 
appointment at, 49, 84-87, 95, 96, 98- 
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103, 106, 116; observing time at, 96, 
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tions for NOAO Committee, 167, 168; 
on Gemini, 225 

Lowell Observatory, 1953 meeting at, 
38-39 

Lubliner, Jacob, 103, 107-108 
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Very Large Baseline Array, 160-161; 
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210, 227; on Chilean Gemini partici- 
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64 
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scope, 151-152; Eidophor, 154-155; 
rubber, 155; for Starfire Optical 
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129, 141-142, 143-144; institutional 
conflicts and, 126-127; Burbidge on, 
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on, 160, 161; advocacy for, 163-164; 
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tories (NOAO): Jefferies appointment 
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Gemini 8-Meter Telescopes Project 
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from, 297-298 
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40, 42, 192 
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meeting of, 38-39; facilities manage- 
ment and, 39-40, 41-42; allocations 
control and, 44—45; Kitt Peak funding 
by, 85-86, 96; on funding strategy, 
112, 116; on National New Technol- 
ogy Telescope, 132-133, 145, 164; 
Very Large Baseline Array funding by, 
160-161; Bloch appointment at, 161— 
162; Gemini funding by, 186-187, 


192-194, 210-211, 227-228; Gemini 
8-Meter Telescopes Project review by, 
228-231; under Government Perfor- 
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125-126; NNTT mirror design of, 
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project, 206 
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Next Generation Telescope program, 
92-94, 103, 106, 116 
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of, 166-167; on Gemini, 172; on 
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ship, 241 
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cation of, 22-23; observation time at, 
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71-72. See also Hale telescope 
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first decadal (1960s) survey of, 45-49; 
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Pipher, Judith L., 228 

Porter, Russell W., 22 
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Project COLT, 63-64 
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Quasars, 58, 109-110 
Queloz, Didier, 262 
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Randall, Larry K., 60, 89, 100, 112, 213— 
214, 231, 234, 253 

Rayleigh scattering, 157 

Reagan, Ronald, 157, 158-159, 160 

Red shift, 115 
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REOSC, Gemini mirror polishing by, 255 

Rice, Stuart A., 133 

Ride, Sally, 250 

Rieke, Marcia, 225 

Ritchey, George W., 50-51, 54 
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Royal Greenwich Observatory, 172, 173, 
225, 300; Boksenberg appointment at, 
174 

Royal Observatory, Edinburgh, 175, 176 

Rubber mirrors, 155 

Rubin, Vera, 27 
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Rule, Bruce H., 45, 52, 60 

Russell, Henry Norris, 14, 35 
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Salpeter, Edwin, 18 

Sandage, Allan R., 6, 21, 26, 29, 45, 46, 
57, 134 

Sandia Optical Range, 156-157 

Sargent, Wallace, 152 

Saxon, David S., 104, 108 

Schmidt, Bernhard, 107 

Schmidt, Maarten, 58, 75, 161, 274 

Schmidt telescope, 26 

Schott Glasswerke, 107, 153, 181 

Schwarzschild, Martin, 77, 240 
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Council (SERC), 173, 177-178 

Science-The Endless Frontier, 43 
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tional New Technology Telescope, 
133-138 

Seeger, Raymond J., 38 

Seeing: telescope location and, 146-147; 
bad, 154-155 

Serrurier, Mark, 24 

Shane, C. Donald, 37 

Shapley, Harlow, 18, 35 

Singles Array, 92-93 

Sky & Telescope, 22, 26-27 

Smith, Gerald M., 152, 233-234 

Smith, Harlan J., 116 

Smith, William, 280 
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64-69 

Solar telescopes, 98, 162 

Southern Observatory for Astrophysical 
Research, 183 

Soviet Union, 6-meter ae of, 59, 
108-109 

Space-based astronomy, 18-19, 46; vs. 
optical astronomy, 19, 46. See also 
Hubble Space Telescope 

Spain, United Kingdom collaboration 
with, 190-191 

Spectra, 11-12 

Spectrograph, 11; for rocket-based as- 
tronomy, 18; prime-focus, 27; coudé, 
33, 58; quasar observation with, 58; 
for Gemini 8-Meter Telescopes Pro- 
ject, 258-260 
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Spitzer, Lyman, 19, 37-38 

Sputnik I, 43 
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Starfire Optical Range, 157, 158 

Stars, element formation in, 33 

Star Wars, 157, 158-159 

Steerable Dish, 103 
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Steward Observatory Mirror Lab: Na- 
tional New Technology Telescope 
mirror design by, 119-125, 128, 129, 
141-142, 143-144, rotating furnace 
of, 124-125, 143-144; 1.8-meter mir- 
ror by, 144; mirror polishing by, 145, 
158; 3.5-meter mirror by, 148-149, 
158; expansion of, 153, 164; vs. com- 
mercial firms, 153; Jefferies on, 164; 
6.5-meter mirror casting by, 216, 218; 
management of, 216-217; Gemini 
bid of, 219, 220-223; vs. Corning 
Glass, 221-225; operational style of, 
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Team research, 47—48 
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Tinbergen, Jaap, 75 

Tinsley Laboratories, 151 

Trapezium, 158 
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United Kingdom Infrared Telescope, 175 
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ment at, 55, 61-62; Kuiper appoint- 
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NNTT mirror design of, 119-120; An- 
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search at, 122 
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New Technology Telescope mirror de- 
sign by, 118-119, 125-126, 127-130, 
141-142; Hoffman donation to, 140; 
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pointment at, 17-18 
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Very Long Baseline Array, 132, 160-161 
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Wampler, E. Joseph, 104, 131 

Watson, Daniel, 124-125 
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Whipple, Fred L., 37-38, 64, 84 

White dwarfs, 33 

Whitford, Albert E., 6, 31, 38, 40, 45 

William Herschel Telescope, 174-175 
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Wolff, Sidney C.: at Kitt Peak National 
Observatory, 139; NOAO appoint- 
ment of, 166-167; Chile visit of, 240- 
241 

Woolf, Neville J., 112, 121-122 

World War II: scientific research during, 
15-16; federal science spending after, 
16-17, 3442; scientific research after, 
16-22 


X-inch telescope, 2; Meinel’s design for, 
51-53; cost of, 55, 57; first decadal 
survey on, 56; multiple-mirror ap- 
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Yerkes Observatory: Greenstein at, 14— 
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: night, astronomers use a new generation of giant telescopes at observatories 
around the world to study phenomena at the forefront of science. By focusing on 
the history of the Gemini Observatory—twin 8-meter telescopes located on mountain 
peaks in Hawaii and Chile—Giant Telescopes tells the story behind the planning and 
construction of modern scientific tools, offering a detailed view of the technological _ 
and political transformation of astronomy in the postwar era. 


“This is an exceptionally readable history of the 50-years-plus evolution of large 
ground-based telescopes from the era of ‘cowboy’ astronomers to the present day.” 


—Stephen P. Maran, Sky and Telescope | 


“Fewer than 100 years ago, this galaxy was all there was but stargazers have pushed the 
universal population count to about 200bn galaxies so far—each with maybe 200bn 
stars—and extended the boundaries of the visible universe to about 13 bn light years. 
So a book about the academic bickering, muddled finance and international finesse 
behind the instruments that widened human horizons should be welcome. Even bet- ~ 
ter, this heavenly topic has its share of drama and comedy.” ; 


Tim Radford, The Guardian 


“[An] insightful history of how ground-based telescopes have evolved and flourished 
over the past 50 years. [McCray’s] tale begins with the 200-inch Hale telescope at 
Californias Palomar Mountain, built in 1948, and ends with the twin 8-metre Gemini _ 
telescopes on mountains in Chile and Hawaii, completed in 2002.” 


—WNew Scientist 


“This tale of the giant eyes on the sky that are revolutionising our knowledge of 
the universe reveals a fascinating piece of science policy and science histdfy.” 


—Matrtin Ince, Times Higher Education Supplement 


W. Parrick McCray is Assistant Professor of History at the University of 
California, Santa Barbara. 
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